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                                                                     Summary 
 
The importance of the development of novel analytical techniques lies in the growing 
needs and new applications that are arising in the analytical field, which require high 
resolving power in order to provide with enough information to characterize complex samples. 
In Food analysis, samples are commonly heterogeneous and are typically composed of multi-
component mixtures of different chemical nature that are present in a wide range of 
concentrations. Moreover, some food samples contain significant amounts of compounds 
belonging to similar chemical families, involving very diverse mixtures of closely related 
compounds that are very difficult to be analyzed. Therefore, analytical techniques that are able 
to provide the maximum information about those samples are essential to address the new food 
analysis challenges. 
In this regard, multidimensional liquid chromatography groups very powerful separation 
techniques that provide significantly increased values of peak capacity compared to one-
dimensional conventional analytical platforms. The use of multidimensional techniques 
coupled to mass spectrometry in food applications is gaining importance due to the benefits of 
the enhanced separation and identification potential that can be achieved for samples that 
present hundreds, or even thousands, of compounds. 
In this Doctoral Dissertation, the impressive analytical power of on-line comprehensive 
two-dimensional liquid chromatography (LC × LC) for the separation of very complex natural 
mixtures of compounds from different food sources is demonstrated. In particular, three main 
groups of secondary metabolites contained in seven different food-related samples deriving 
from plants and algae are exhaustively studied in this PhD Thesis, namely, proanthocyanidins, 
phlorotannins and triterpene saponins. These three groups have in common an important 
structural complexity due to the polymeric nature of proanthocyanidins and phlorotannins as 
well as to the very high variability of isomers and closely related structures in the case of 
triterpene saponins. Different on-line LC × LC methods based on the orthogonal coupling 
HILIC × RP were developed for each sample, and good separations, achieving high peak 
capacity values and orthogonality degrees were attained. Specifically, the separation of 
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complex mixtures of proanthocyanidins together with other polyphenolic compounds in grape 
seeds, apples, chokeberries and grapevine canes is presented in Chapter 3. On the other hand, 
the separation and characterization of typical polymeric phenolic compounds exclusively 
found in brown algae, namely phlorotannins, are studied in detail in Chapter 4, and their 
content on two different algae species (i.e., Cystoseira abies-marina and Sargassum muticum) is 
determined. Lastly, a new method is developed for the profiling of the secondary metabolite 
pattern present in licorice (Ghlyzyrrhiza glabra), including the presence of triterpene saponins 
as well as different polyphenols. Subsequently, different strategies based on the use of focusing 
and non-focusing modulation procedures are studied with the aim to produce quantitative 
improvements on resolving power and sensitivity, using licorice as a model complex food 
sample. These last two studies are contained in Chapter 5. 
In addition, the development of LC × LC-based methods for the exhaustive chemical 
characterization of these interesting compounds helps to determine the native composition of 
the studied food-related samples, considering that sample preparation steps were reduced for 
their analysis. Thus, this analytical approach is demonstrated as very useful to correlate 
chemical composition with the potential biological properties that are attributed to the studied 
compounds. Moreover, this methodology is also capable to produce typical 2D profiles that 
could be applied to the determination of metabolic markers for geographical authentication 
assessment of valuable food products.  
In conclusion, the results contained in this PhD Dissertation contribute to increase the 
knowledge on the composition of the seven analyzed food-related samples for future 
researches as well as to support with new data and applications the use of LC × LC as a 
promising analytical technique in the Food analysis field. These contributions have given rise to 
the publication of 8 original research articles (6 published/accepted and 2 submitted) included 
in international SCI journals within the Analytical Chemistry and Food Science and Technology 
categories. 
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                                                                             Resumen 
 
La importancia del desarrollo de nuevas técnicas analíticas reside en la aparición de 
nuevas aplicaciones y crecientes necesidades que están surgiendo en al campo analítico, las 
cuales requieren un alto poder de resolución que proporcione la información necesaria para 
caracterizar muestras complejas. En el análisis de alimentos, normalmente las muestras 
tratadas son heterogéneas y están compuestas por mezclas formadas por gran variedad de 
componentes de diferente naturaleza química, presentes en la misma en un amplio rango de 
concentraciones. Además, algunas muestras alimentarias contienen cantidades significativas de 
compuestos que pertenecen a familias químicas muy similares, dando lugar a diversas mezclas 
de compuestos estrechamente relacionados que resultan difíciles de analizar. Por lo tanto, para 
abordar los nuevos retos del análisis de alimentos son esenciales técnicas analíticas capaces de 
proporcionar la mayor información sobre dichas muestras.  
En este sentido, la cromatografía de líquidos multidimensional agrupa técnicas de 
separación muy poderosas que proporcionan altos valores de capacidad de pico comparado 
con técnicas analíticas unidimensionales convencionales. El uso de técnicas multidimensionales 
acopladas a espectrometría de masas para aplicaciones alimentarias está ganando una gran 
importancia debido al elevado potencial de separación e identificación que son capaces de 
alcanzar para muestras que presentan cientos, o incluso miles, de compuestos.  
En la presente Tesis Doctoral, se demuestra el enorme poder de separación de la 
cromatografía de líquidos bidimensional completa (LC × LC) para el análisis de mezclas 
naturales muy complejas procedentes de diferentes fuentes alimentarias. En particular, se 
presenta el estudio de tres principales grupos de metabolitos secundarios presentes en siete 
muestras alimentarias derivadas de plantas y algas: proantocianidinas, florotaninos y saponinas 
triterpénicas. Estos tres grupos tienen en común su gran complejidad estructural debido a la 
naturaleza polimérica de las proantocianidinas y los florotaninos, así como a la enorme 
variabilidad de isómeros y estructuras estrechamente relacionas de las saponinas triterpénicas. 
Para cada una de las muestras se ha desarrollado un método LC × LC diferente basado en el 
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acoplamiento ortogonal HILIC × RP, obteniéndose buenas separaciones y alcanzando altos 
valores de capacidad de pico y elevado grado de ortogonalidad.  
Concretamente, en el Capítulo 3 se presenta la separación de mezclas complejas de 
proantocianidinas junto con otros compuestos fenólicos de semillas de uva, manzanas, Aronia 
negra y sarmientos de vid. Por otro lado, en el Capítulo 4 se detalla la separación y 
caracterización de compuestos fenólicos poliméricos típicos y exclusivamente presentes en 
algas marrones; en este capítulo se determina el contenido en florotaninos de dos especies de 
algas (Cystoseira abies-marina and Sargassum muticum). Por último, se desarrolla un nuevo 
método para estudiar el perfil de metabolitos secundarios en regaliz (Ghlyzyrrhiza glabra), 
incluyendo saponinas triterpénicas y diferentes polifenoles. Posteriormente, se estudiaron 
diferentes estrategias de modulación con y sin efecto de enfoque con el objetivo de generar 
mejoras cuantitativas en el poder de resolución y sensibilidad, utilizando la muestra de regaliz 
como modelo de muestra alimentaria compleja. Estos dos últimos estudios están incluidos en el 
Capítulo 5. 
Así mismo, el desarrollo de métodos basados en LC × LC para la caracterización química 
exhaustiva de estos interesantes compuestos ayudó a determinar la composición nativa de las 
muestras alimentarias estudiadas, considerando que se redujeron los procesos de  preparación 
de la muestra para su análisis. De esta manera, ha sido posible demostrar la gran utilizad de 
esta técnica para correlacionar la composición química de la muestra  con sus potenciales 
propiedades biológicas.    
En conclusión, los resultados obtenidos en esta Tesis Doctoral contribuyen a incrementar 
el conocimiento sobre la composición de las siete muestras alimentarias analizadas para 
futuras investigaciones, así como para apoyar con nuevos datos y aplicaciones el uso de LC × LC 
como una técnica analítica prometedora en el campo del análisis de alimentos. Estas 
contribuciones han dado lugar a la publicación de 8 artículos de investigación originales (6 
publicados/aceptados y 2 actualmente en proceso de revisión) en revistas incluidas en el SCI 
(en las categorías de Química Analítica y Ciencia y Tecnología de los Alimentos).  
 
  IX 
                        Structure of the PhD Dissertation  
 
This Doctoral Dissertation is structured in four main parts containing six Chapters as 
explained below: 
-  General introduction, where a broad view of the analytical technique aim of this 
study, as well as its main theoretical and practical fundamentals, are described 
(Chapter 1). 
-  Aim and work plan, where the main objective and the related partial objectives 
developed within the scope of this Dissertation are summarized. Besides, the work 
plan followed to achieve those objectives is explained (Chapter 2). 
-  Results and discussion. In this part of the Dissertation, the results obtained during the 
PhD period are presented. Results are divided in three chapters (Chapter 3-5). Each 
chapter groups the results obtained for the different studied groups of compounds and 
is divided in several sections:  
i. An introduction to the importance of the studied compounds, their chemical 
structure, chemical characterization as well as the background and the need of 
using multidimensional liquid chromatography for their study. 
ii. The publications derived from the studies carried out during this PhD. 
iii. A general discussion, where the main results of the included works in each chapter 
are discussed and integrated. 
 
- General conclusions, where the most relevant findings achieved during this PhD 
Thesis work are summarized (Chapter 6).  
  
  
1 
 
 
Introduction 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3 
1.1. FOOD ANALYTICAL CHEMISTRY. 
Analytical Chemistry is defined as “the science of chemical measurement. Its objective is the 
generation, treatment and evaluation of signals from which information is obtained on the 
composition and structure of matter” (Danzer 2007). When this concept is applied to food, the 
definition refers to the application of chemical measurements to obtain information about 
properties and characteristics of foods and its components, including for instance, composition 
and physicochemical characteristics, giving rise to one important branch on analytical 
chemistry, the food analytical chemistry.  
Food analysis involves the interaction between modern food science and nutrition as well as 
different food-related aspects, such as food nutritional value, food safety, quality control or 
traceability through the employment of advanced food strategies (Ibáñez and Cifuentes 2014). 
Figure 1.1 outlines the main areas in which food analysis has an important influence. All these 
issues are well established under the Foodomics concept, defined as “a discipline that studies 
the food and nutrition domains through the application and integration of advanced -omics 
technologies to improve consumer’s well-being, health and confidence” (Cifuentes 2009). 
Although food analytical chemistry also includes very well-known conventional analytical 
techniques, the use of modern food analysis and Foodomics is closely related to the 
implementation of advanced strategies and analytical tools. Among these techniques, 
hyphenated analytical tools based on the coupling of separation techniques and spectroscopic 
techniques, such as those described in this PhD Dissertation, are pointed out.  
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Figure 1.1. Main fields of application of food analysis. 
 
1.1.1. NUTRITIONAL VALUE AND FOOD COMPOSITION.  
Due to the fact that new foodstuffs are continuously appearing in the market, the identification 
and quantification of the food nutrients profile is mandatory. The European Union (EU) is 
undertaking a big effort to regulate the nutritional information of food, in particular of novel 
foods and functional foods with health-related claims. To manage the new nutritional 
information, the EU formed in 2002 the European Food Safety Authority (EFSA), which is the 
responsible body to propose a regulation for the nutritional and health claims designation in 
foods (Regulation (EC) No 1924/2006). Thanks to this regulation and to the increase on the 
available nutritional information, consumers are gradually more interested on knowing the 
nutritional characteristics of products present in the market (Kaur et al. 2016). Besides, the 
increment in the prevalence of diet-related diseases in developed countries, such as metabolic 
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syndrome, type 2 diabetes, cardiovascular, liver and kidney diseases or some types of cancer, 
has caused the increase on research related to the potentially positive or negative effects of 
some food components on health, associated with a well-balanced diet (Ard et al. 2016; de la 
Iglesia et al. 2016). 
Therefore, although the determination of the energetic balance and the main macronutrients 
such as carbohydrates, lipids and proteins is critical, the specification of micronutrients like 
vitamins and minerals is also considered essential (Visioli et al. 2007). Moreover, nowadays, 
important attention is paid on some secondary metabolites that are not traditionally considered 
nutrients, mainly found in plants and algae; due to the potential health-promoting effects that 
a wealth of scientific reports is attributing to those components, their precise characterization 
might also be worth. Hence, to satisfy the demand about information of food nutritional value 
and health-related bioactivity, powerful analytical tools able to provide with high throughput, 
resolution power and sensitivity, are required to proceed with the chemical characterization of 
food products. 
Secondary metabolites have the primary function of protecting plants and algae against 
environmental stresses. Some of these components belong to diverse chemical classes, such as 
phenolic compounds, carotenoids, alkaloids, saponins, glucosinolates, or terpenes, among 
others. Due to the already mentioned potential positive effects on human health, at present, 
different natural sources are being proposed for the recovery of bioactive compounds that 
could be later on introduced into new foods. The compounds that may confer these new 
properties are usually called functional ingredients, and the new foods in which are contained, 
functional foods. In this regard, the chemical characterization of natural products and extracts 
in which those compounds are found has a key role in the elucidation of the effects that these 
compounds may provide; in fact, a close relationship between phytochemical composition and 
bioactivity exists. At present, the number of described bioactive metabolites is continuously 
growing as new natural sources are studied. The extraction from the natural matrix and the 
development of fast and efficient analytical methods may be the first steps for the 
determination of its biological function (Kris-Etherton et al. 2004; Brusotti et al. 2014; Cieśla 
and Moaddel 2016; Sánchez-Camargo et al. 2017). 
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In addition to the use of natural sources to attain bioactive compounds, the use of agrifood-
related wastes and by-products is of high interest nowadays. Food wastes represent a serious 
problem in the food industry due to the huge quantity of residues generated during processing. 
For instance, in the fruit-related industry, the amount of generated wastes can reach 20-50%, 
depending on the kind of fruit. However, many studies have described the still high nutrient 
value of those residues, considering that there are still important amounts of phytochemicals, 
such as pectins, fiber, carbohydrates, lipids, vitamins, carotenoids, phenolic compounds or 
essential oils, among others (Hernández-Santos et al. 2015; Asif et al. 2016; Esparza-Martínez 
et al. 2016, De Ancos et al. 2015). Thus, the wastes obtained during food processing could be 
valorized through the generation of high-added value compounds. However, to find an 
appropriate destination for these valorized by-products is essential to carry out an exhaustive 
study of their chemical composition in order to obtain the necessary knowledge about their 
potential. For this reason, the development of advanced analytical methods is also focused on 
the study of food-related by-products. 
 
1.1.2. FOOD SAFETY. 
Food safety refers to the control of the constituents that can be present in food and may pose a 
risk for human health. The main food hazards are contaminants such as pesticides, fungicides, 
toxins and environmental pollutants, pathogenic microorganisms or some natural food 
constituents like allergens or anti-nutritional compounds (Lawal et al. 2016). The absence of a 
regulation about the control of the presence of these contaminants in food could lead to serious 
health problems because of the interaction between these risk factors and human diet (Bhat 
2008). For this reason, in 2002, the European Commission established, at European level, the 
analytical methods validation requirements for the detection and quantification of specific 
contaminants (Regulation (EC) No 178/2002), as well as stringent food safety-related 
legislation that sets the maximum residue limits (MRLs) for food contaminants, such as 
pesticides (Regulation (EC) No 396/2005), veterinary drug residues (Regulation (EC) no 
37/2010) and other compounds (Regulation (EC) No 1881/2006). The aim of these regulations 
was to control agricultural, processing and market practices in order to limit the consumer 
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exposure to these harmful contaminants. Consequently, accurate, sensitive, robust and fast 
analytical methods able to detect very low concentrations of those contaminants in a variety of 
very complex samples are a necessity to comply with the regulatory requirements (Castro-
Puyana and Herrero 2013). At present, hyphenated techniques coupling separation tools 
(chromatography) and spectroscopic techniques (mass spectrometry) are the most-widely used 
analytical approaches to this aim. 
 
1.1.3. FOOD QUALITY AND TRACEABILITY. 
Food quality is related to the food attributes responsible for the value of the product and it is 
one of the most important parameters for food consumers. There are many parameters that can 
define the food quality: food components, aroma, flavor, taste or color. The main difficulty in 
the establishment of food quality is that all these parameters depend not only on each specific 
product and process but also on the particular consumer perception. Consequently, there is a 
strong subjective influence. Traditionally, this has meant that food quality assessment has 
mainly been carried out through the application of subjective tools, such as sensory panels. 
However, at present, new approaches are being developed in order to provide objective 
measures of food quality. Thus, this field is one of which modern analytical chemistry is needed 
(Castro-Puyana et al. 2013b; Wang et al. 2013). 
Traceability lies in the monitoring of all the steps along the agri-food chain, from the raw 
material to the consumer; in other words, this process is known as “from farm to fork”. The 
traceability process arises from the food safety and quality concepts, with the main goal of 
providing all the required information about production, transport and storage to keep safety 
incidents under control. It is accomplished by registering complete and accurate information of 
a product and its components at every step of the food processing chain. Chemical 
characterization plays an essential role across the traceability process as its application is able 
to provide with the monitoring of the information about food composition data in each 
processing step, as well as it allows following the history of the product and support food 
labeling (Kok et al. 2012; Doğu and Şİrelİ 2016).  
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Advanced analytical tools are also employed nowadays to assess the geographical origin of 
certified products, which is a characteristic that lies between the fields of food quality and 
traceability. In this regard, the chemical characterization of the phytochemical composition 
can also be useful for the determination of geographical origin, as the present phytochemical 
compounds will vary as the plant adapts itself to the environmental conditions. Therefore, the 
metabolite profile of the food products might vary according to the climate of the geographical 
area where they are produced and, in consequence, a classification by zones or an 
identification of the geographical origin of a product can be done by the study of the whole 
metabolite content (fingerprinting), the analysis of the profile of a specific phytochemical 
group (profiling) or by searching specific metabolic markers of a particular region (Cuadros-
Rodríguez et al. 2016). To this aim, chemical characterization in combination with 
chemometric analyses can be a useful tool to ensure food authentication and quality control 
with the aim of protecting high-value products against frauds (Danezis et al. 2016; Pardo-
Mates et al. 2017; Siddiqui et al. 2017).  
 
1.2. ANALYTICAL TECHNIQUES FOR THE CHARACTERIZATION OF FOODS AND NATURAL 
PRODUCTS. 
As it has been pointed out in the previous section, food chemical characterization is essential 
not only for the evaluation and determination of food characteristics and their composition, but 
also for the study and assessment of safety, quality and traceability of foods. The measurement 
of these parameters is usually carried out by the employment of analytical tools that provide 
qualitative and quantitative information about the compounds of interest (Di Stefano et al. 
2012).   
From an analytical point of view, foods are complex matrices, since they can be considered as a 
mixture of a wide variety of compounds of different chemical nature. Therefore, the analytical 
methods used to characterize and to determine the composition of foods require the use and 
implementation of advanced analytical techniques able to provide with appropriate robustness, 
efficiency and sensitivity (Cifuentes 2012). 
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Nowadays, one of the most growing groups of applications devoted to food chemical 
characterization involves the separation and characterization of food components from plant 
origin as well as from algae, due to the increasing interest in natural products (Milledge et al. 
2016; Waltenberger et al. 2016; Sánchez-Camargo et al. 2017). This interest is related to the 
potential health benefits that are ascribed to some micronutrients and secondary metabolites 
present in those matrices. In this regard, modern analytical tools should be employed to 
support studies in which the bioactivity of those components is investigated.  
The separation and characterization of the metabolite profiles of plants and algae is a 
significant analytical challenge due to the huge quantity of diverse metabolites present in 
natural products and extracts and, even more, considering that secondary metabolites are 
usually present at low concentrations. To facilitate the analysis, proper sample preparation 
steps should be usually followed, for instance, extraction, clean-up, saponification, hydrolysis 
or derivatization. However, sometimes, these steps produce a modification of the native 
composition, due to the strong conditions that are frequently applied. As a result, the chemical 
pattern later on determined may not completely correspond to the natural composition. For this 
reason, whenever possible, analytical methods in which there is no sample preparation or 
pretreatments are preferred.  
To reach all these requirements and to provide detailed chemical characterization of such 
complex samples, very efficient analytical techniques are needed. Capillary electrophoresis 
(CE), gas chromatography (GC), liquid chromatography (LC) and supercritical fluid 
chromatography (SFC) are the most used separation  techniques for the elucidation of natural 
extracts and foods composition (Cifuentes 2012; Gallo and Ferranti 2016). These techniques 
can be coupled to different detectors, which determine the sensitivity and the detection limits 
of the technique (Locatelli et al. 2012). 
However, due to the complexity of food samples, these techniques alone cannot often provide 
all the required information for the characterization. Thus, the use of these techniques in 
combination to other techniques such as nuclear magnetic resonance (NMR) and mass 
spectrometry (MS) is, in practice, indispensable to increase the identification capabilities of 
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those tools as well as to provide structural information of compounds present in the complex 
sample (Wishart 2008; Sarker and Nahar 2012; Cai et al. 2016).  
Within all the analytical techniques, the hyphenation between LC and MS (LC-MS) is 
highlighted as one of the most extended tools for the chemical characterization in food and 
natural products analysis (Wu et al. 2013; Cai et al. 2016). LC offers good reproducibility, 
selectivity and versatility thanks to the great diversity of available separation mechanisms 
(normal phase (NP), reversed phase (RP), hydrophilic liquid interaction (HILIC), size exclusion 
chromatography (SEC) or ion exchange chromatography (IEX)). The capacity of LC to separate 
analytes of very different physicochemical properties is another reason why LC is widely 
extended; for example LC allows the separation of compounds from low to high molecular 
weight, metabolites with a wide range of polarity, as well as with different acid-base properties 
(Di Stefano et al. 2012; Núñez et al. 2012). The characteristics of versatility and selectivity 
achievable by LC are essential for the characterization of natural food extracts, because, as 
complex matrices, they are composed of metabolites with very different chemical nature and 
diverse dynamic range. For example, these metabolites can present polarities ranging from 
highly non-polar compounds such as fatty acids, triacylglycerols or carotenoids, to completely 
polar compounds, as may be the case of phenolic compounds or carbohydrates. On the other 
hand, when MS is coupled to LC, provides molecular weight information and even structural 
information if tandem MS (MS/MS) experiments of the previously separated compounds are 
employed (Cai et al. 2016). With MS, the analysis of compounds with a wide range of polarity 
is also possible, thanks to the use of atmospheric pressure ionization (API) interfaces 
(electrospray ionization, ESI, and atmospheric pressure chemical ionization, APCI), that are the 
most commonly employed ionization sources in food analysis. APCI is more suited for the 
ionization of low and moderate polarity compounds whereas ESI is used for polar compounds 
(Wu et al. 2013; Schmitz 2016). For instance LC-MS has been widely employed for the 
characterization of phenolic compounds from many different natural sources such as cocoa 
(Ali et al. 2015; Cádiz-Gurrea et al. 2017), apples (Sánchez-Rabaneda et al. 2004; De Paepe et 
al. 2013; Alarcón-Flores et al. 2014), citrus, berries (Del Bubba et al. 2012; Ancillotti et al. 
2016; Tian et al. 2017) grapes (Ribeiro et al. 2015), aromatic plants (Herrero et al. 2010; 
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Spiridon et al. 2011; Vallverdú-Queralt et al. 2014b), green leafy vegetables (Schmidt et al. 
2010; Khanam et al. 2012), and algae (Ferreres et al. 2012; Liu and Gu 2012; Steevensz et al. 
2012), among many other natural products (Capriotti et al. 2015; Lucci et al. 2016).  
LC-MS has also provided good results in the determination of the carotenoid profile of 
microalgae (Castro-Puyana et al. 2013a; Crupi et al. 2013; Gilbert-López et al. 2015), tomato 
and related products (Daood et al. 2014; Vallverdú-Queralt et al. 2014a; Gentili et al. 2015) 
and carrots (Saha et al. 2015), alkaloids from honey (Betteridge et al. 2005; Bretanha et al. 
2014; Kast et al. 2014), cereals (Krska et al. 2008) and tea (Mathon et al. 2014) or saponins 
from black beans (Guajardo-Flores et al. 2012), tea (Matsui et al. 2009), soy (Gu et al. 2002b; 
Kamo et al. 2014; Krishnamurthy et al. 2014), ginseng (Stavrianidi et al. 2017) or licorice 
(Montoro et al. 2011), among other multiple sources. 
In many cases, the complexity of food samples and the analytical problems that a high number 
of different compounds produce are greater than the separation power that conventional LC 
can provide. Hence, an increase in the efficiency as well as methods that provide higher 
resolution are required.  
In this regard, separation efficiency can be improved by the increment of the column length 
and by decreasing the size of the stationary phase particles. However, in practice, these 
efficiency improvements are related to a significant increase of the analysis times and a 
growing system backpressure that cannot be borne by the conventional high performance 
liquid chromatography (HPLC) instruments. Several improvements have appeared to partially 
solve these conflicts, for example, the use of high temperatures to decrease the mobile phase 
viscosity, the use of monolithic columns that produce lower backpressure because of their 
lower column resistance factor, or the most important instrumental improvement, the 
development of ultra-high pressure liquid chromatography (UHPLC) instruments, able to cope 
with pressures up to 1400 bar. The use of these instruments allows running separations on 
columns equipped with sub-2 µm particles (Guillarme et al. 2010; Vivó-Truyols et al. 2010; 
Núñez et al. 2012), that may significantly increase efficiency and performance compared to 
conventional instruments and columns (Fekete et al. 2014). 
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In spite of these advancements, there are samples that are simply too complex to be analyzed in 
a one-dimensional procedure. In those situations, separation techniques that may offer higher 
resolving power than conventional HPLC, or even UHPLC, systems are required. In this sense, 
the coupling of two or more chromatographic systems becomes an attractive alternative.  
 
1.3. MULTIDIMENSIONAL LIQUID CHROMATOGRAPHY (MDLC). 
1.3.1. HISTORICAL PERSPECTIVE OF MDLC. 
Multidimensional liquid chromatography appeared as a response to the necessity of resolving 
extremely complex samples such as peptides and proteins or polymers. Chromatographic 
approaches based only on one separation system may offer just part of the information of such 
complex samples, but important information may remain concealed due to the use of a poor 
resolving power comparing with the complexity of the sample (Cohen and Schure 2008). 
One of the first approaches to MDLC was developed by Consden et al. (1944). This application 
consisted on a planar two-dimensional paper chromatography for the separation of amino 
acids. The analysis comprised, firstly, the elution of the sample in one direction of the paper by 
the use of a particular solvent as mobile phase, arising a partial separation of the amino acids 
in one dimension. Then, when the cellulose was dried, another different solvent was applied in 
a direction at right angle to the first to further separate the sample. The main novelty was the 
increase on the separation space, since compounds could be separated into a separation area 
instead to one-dimensional space. Short time before, some advances of two-dimensional 
column chromatography were applied for the purification of chlorophylls (Strain and 
Manning 1942) and for the separation of amino acids (Wachtel and Cassidy 1943). 
After these first approaches, the possibility of gaining separation power through the use of 
two-dimensional space generated great interest, and therefore, new applications and 
improvements emerged over the time. The main effort was focused on the employment of 
chromatographic columns, since column chromatography enables greater control of the 
separation procedure, providing automation, higher reproducibility, speed and efficiency. 
Besides, other important advantage of the use of columns is their much easier coupling to 
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detectors, which is critical to characterize the separated analytes (Cohen and Schure 2008).  
Therefore, the demand of more sophisticated instruments started to be critical.  
These improvements helped to expand the use of two-dimensional techniques to other 
analytical fields besides proteins and polymers applications; for example, to the 
pharmaceutical, environmental, food and natural products fields as well as to the analysis of 
biological samples. 
The first real coupling of two columns with the aim of performing a multidimensional 
separation was implemented by Erni and Frei (1978). They employed a coupling between a gel 
permeation chromatography (GPC) and a reversed phase separation for the separation of plant 
extracts. It was the first time that an automatic transfer of fractions from one column to the 
other was utilized, giving the key for the development of the following MDLC methods until 
date. Twelve years later, in 1990, Bushey and Jorgenson, developed a MDLC method that may 
be considered the foundations of the present MDLC (Bushey and Jorgenson 1990). 
At the beginning, MDLC analysis implied very long analysis times (from several hours to days), 
which meant that this technique was not very useful to be routinely applied.  However, in 
recent years, important improvements in the instruments employed for MDLC have greatly 
decreased the analysis times thanks to the incorporation of high performance and ultra-high 
pressure liquid chromatographs as well as innovations in columns dimensions and stationary 
phase particles technology. Furthermore, until recently, the vast majority of the MDLC 
applications were carried out in instruments assembled by the user, but currently, the growing 
impact of the increased separation power shown by 2D applications, has led to the emergence 
of commercial MDLC instruments that offer a great variety of operational modes. 
 
1.3.2. PRINCIPLES OF MDLC. 
The higher separation power provided by MDLC is the result of the employment of two or 
more independent liquid phase separation systems (dimensions) for the separation of a sample. 
In particular, in two-dimensional liquid chromatography (2DLC), a conventional separation is 
carried out on the first dimension (1D) and fractions of its eluent are continuously collected 
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and successively injected and analyzed in the second dimension (2D). Both dimensions should 
present different and, if possible, even independent retention mechanisms, thus being 
orthogonal. This way, compounds that coelute and cannot be separated when just one-
dimensional system is employed (because of their similar retention behavior and affinity for the 
stationary phase) can be resolved by the use of a second separation procedure (Dugo et al. 
2008a; François et al. 2009; Herrero et al. 2009). 
Although the chemistry of the stationary phases selected in each dimension is a relevant 
condition for obtaining an orthogonal approach, the separation degree also depends on the 
interaction of the intrinsic properties of the sample analytes and the analytical conditions. 
Samples that present a mixture of compounds with different chemical behavior are randomly 
separated into the chromatographic space. Related to this, the number of chemical variables 
that the compounds of the sample present is referred to as sample dimensionality. That means 
that if a sample contains compounds with only one chemical variable, a one-dimensional 
separation would be enough to resolve its components, and a 2D system would not contribute 
with any additional improvement in the separation. However, when the sample presents 
different dimensions, additional separation systems are needed and the employment of 
multidimensional separation is justified. The way to obtain a complete separation of such 
complex composition is the employment of multidimensional chromatography, and the 
selection of the adequate separation mechanisms involved in the system as function of the 
sample dimensionality (Giddings 1995). 
 
1.3.2.1. Off-line, on-line and stop-flow 2DLC. 
The transfer of fractions from the 1D to the 2D can be performed off-line, if the effluent of the 
1D is collected and reinjected manually in the 2D. Alternatively, the transfer can be performed 
through an on-line coupling, when the effluent of the 1D is continuously and automatically 
injected in the 2D.  
The off-line mode presents some advantages, for instance, it does not require specific 
instrumentation, as well as it enables the use and combination of a high variety of separation 
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mechanisms in both dimensions, avoiding the problem of the solvent incompatibility (that will 
be detailed below); besides, longer analysis time for the 2D separation can be employed, 
achieving a higher efficiency and therefore a high peak capacity (Yang et al. 2016). However, 
the off-line process also presents some disadvantages: it is time-consuming due to the very 
long analysis times, and there is a chance to introduce errors related to sample manipulation 
that could lead to low reproducibility (Dugo et al. 2008a; Marchetti et al. 2008). On the other 
hand, on-line 2DLC has the advantage to provide shorter analysis times and an automated 
transfer of the 1D fractions into the 2D column by an adequate interface (also called 
modulator). The challenges of the on-line approaches are the need for dedicated 
instrumentation and the limitations related to the coupling of two chromatographic systems, 
such as the incompatibility of the mobile phases employed in each dimension, the necessity of a 
very fast rate of 1D sampling and consequently, very fast 2D analysis (Malerod et al. 2010).  
An intermediate system between on-line and off-line MDLC is the so-called stop-flow or stop-
and-go 2DLC. In stop-flow systems, the coupling of the two columns is made on-line, but the 
analysis of the 2D are carried out more similarly to an off-line system. The system consists on 
the interruption of the flow rate of the 1D separation every time that a fraction from the 1D is 
injected in the 2D column; the 1D separation is maintained stopped until the end of the 2D 
analysis, when the 1D separation will be reactivated until the next fraction of 1D effluent is 
collected. Compared to the off-line mode, stop-flow mode presents the advantage of the 
automatic transfer of fractions between dimensions, which improves the robustness and 
reproducibility of the 2D methods (Guiochon et al. 2008). On the other hand, the advantage of 
stop-flow mode over on-line mode is the availability of longer analysis times to perform the 2D 
separations, which can be translated into higher efficiency and separation power. On the 
opposite side, the main drawback of stop-flow systems is the long analysis time of the overall 
2D method as a consequence of the interruption of the 1D separation, and the successive long 
2D analyses. Besides, stopping the 1D flow rate during long periods of time leads to 1D band 
broadening due to diffusion effects, causing a loss in the 1D efficiency.  
Although off-line and stop-flow 2DLC are simpler approaches and generate high separation 
power, the reduction on the total analysis time, the higher reproducibility and the automation 
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that on-line 2DLC provides makes it a more promising technique for the separation of complex 
samples. 
1.3.2.2. Types of 2DLC. 
Depending on the number of fractions from the 1D separation that are transferred to the 2D, 
2DLC can be classified in two main groups: heart-cutting liquid chromatography (LC–LC) and 
comprehensive two-dimensional liquid chromatography (LC × LC). 
In heart-cutting mode, only one or a few target 1D peaks are sampled and subsequently 
injected into the 2D separation. Usually, LC–LC is employed in known samples that present 
analytes of interest coeluting under a peak. The objective is to collect these unresolved peaks 
and submit them to a further separation in a 2D, with different column selectivity, to resolve 
coelutions (Murphy and Schure 2008).  
On the other hand, comprehensive mode involves the entire separation of the whole sample 
through the 1D and 2D. That is, as the 1D separation is taken place, little fractions of its effluent 
are continuously collected, injected and analyzed in the 2D. This process is usually done at high 
frequency. Under this mode, 2D separates the unresolved analytes present in each 1D fraction. 
LC × LC is very useful for the study of very complex samples, allowing to obtain as much 
information as possible in a single analysis, in order to, for example, carry out profiling or 
fingerprinting studies (François et al. 2009; Jandera 2012). In Figure 1.2 the fundamentals and 
comparison of LC–LC and LC × LC modes are represented. 
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Therefore, making a direct comparison between both 2DLC modes, LC – LC is simpler and very 
useful for resolving target compounds present in a complex sample, but it is limited to provide 
further separation of just target compounds. On the other hand, LC × LC is a very useful 
analytical technique in order to achieve the maximum information of a sample composition, 
providing an impressive separation power. Nevertheless, the main shortcomings of LC × LC are 
that the use of complex instrumentation is needed as well as that requires exhaustive and 
difficult method optimization (Stoll and Carr 2016).  
The present Doctoral Dissertation is focused on the on-line LC × LC mode applied to the 
chemical characterization of complex natural extracts and food-related products. Therefore, 
the theoretical and practical fundamentals of the on-line LC × LC mode are described in the 
following sections. 
 
1.3.3. ON-LINE COMPREHENSIVE TWO-DIMENSIONAL LIQUID CHROMATOGRAPHY (LC × 
LC) – THEORY. 
As mentioned before, on-line LC × LC provides the great advantage of increasing the resolving 
power, allowing the separation of a large number of compounds in relatively short analysis 
times. The transfer of the entire 1D effluent and its analysis into the 2D, where a further 
separation is carried out, is responsible for this higher separation power.  
An interface or modulator, usually one or two switching valves, which allows the simultaneous 
and continuous collection of the 1D effluent and the injection of fractions into the 2D, performs 
the physical on-line coupling between the two dimensions.  
The comprehensiveness of a 2DLC method was stablished by tree main rules that must be met 
(Schoenmakers et al. 2003): 
i. Every part of the sample is subjected to two different separations. 
ii. Equal percentages (either 100% or lower) of all sample components pass through both 
columns and eventually reach the detector. 
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iii. The separation (resolution) obtained in the first dimension is essentially maintained in 
the second dimension. 
The first condition reflects the difference between LC–LC and LC × LC, while the second 
condition refers to the fact that in the case that a split is used during the separation process, the 
split has to affect equally to all components, and the resulting chromatogram has to be a 
“faithful representation” from what would be attainable with 100% transfer of the sample. 
Lastly, the third condition refers to one of the most important conditions, essential to obtain a 
good resolution in LC × LC: the importance of not losing the gained separation on the 1D during 
the fraction transfer process from the 1D to the 2D. In practice, this third condition is not 
completely possible due to some instrumental-related limitations. This fact has a critical 
importance, and consequently, it will be extensively explained and described in Section 1.3.4.1. 
Many factors are involved in the LC × LC chromatographic process, and their optimization is 
essential to attain a successful 2D separation. Some of these factors are efficiency, retention and 
selectivity. Ultimately, these parameters are covered by two terms: orthogonality and peak 
capacity. The goal of every LC × LC method is to achieve the highest possible degree of 
orthogonality in order to obtain the maximum possible peak capacity.  
 
1.3.3.1. Concepts of orthogonality in comprehensive two-dimensional liquid chromatography. 
In multidimensional chromatography, orthogonality refers to the combination of retention 
mechanisms that offer different selectivity for the separation of a sample. In other words, 
orthogonality measures the different separation properties of the two involved mechanisms. 
Therefore, the ideal degree of orthogonality is achieved when the involved separation systems 
provide completely non-correlated retention (Jandera 2012).  
The use of different separation mechanisms improves the separation capability allowing the 
separation of the sample compounds by two independent retention behaviors depending on the 
properties of the different compounds. At the same time, components that cannot be separated 
by one of the employed columns (or dimensions), can be well resolved in the other dimension. 
Therefore, the degree of orthogonality of a multidimensional system will determine the 
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potential separation that can be attainable. In fact, the degree of orthogonality is closely related 
to the maximum peak capacity that multidimensional chromatography can provide with, as it 
will be explained below (Section 1.3.4).  
 
1.3.3.1.1. Orthogonality calculation. 
A measure of orthogonality is a good parameter to evaluate the quality of a LC × LC separation, 
and it can be employed for the comparison between analyses when the development and 
optimization of a new method is being carried out. Moreover, it is also important to calculate 
the orthogonality of new advanced LC × LC systems in order to quantitatively estimate the 
correlation between dimensions and the separation space coverage (Schure and Davis 2015).  
Numerous studies have proposed different methods for the calculation of orthogonality (Liu et 
al. 1995; Slonecker et al. 1996; Van Gyseghem et al. 2003; Gilar et al. 2005; Vivó-Truyols and 
Schoenmakers 2006; Nowik et al. 2013). However, many of them are applied to estimate the 
orthogonality achieved by a particular LC × LC method after its application, on the obtained 2D 
chromatogram, due to the lack of predictive models. Hence, the selection of the phase system 
(stationary and mobile phases) to be employed is mostly based on the analyst experience 
(Bedani et al. 2012). Some of these mathematical models are commented hereunder. 
The degree of similarity of the two chromatographic systems is related to the effective area 
available for the separation in the 2D chromatogram. This area can be geometrically calculated 
using the “retention space angle” (Figure 1.3). A complete orthogonal coupling would be 
achieved with a 90º retention space angle; this would mean that the complete 2D space could 
be available for peak spreading (Pasch 2000).   
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Figure 1.3. Effective area in a comprehensive 2D separation limited by the angle θ, characterizing the 
orthogonality of 2D systems. Adapted from Jandera (2012a), copyright 2012 Springer. 
 
Other methods for the calculation of orthogonality consist of the division of the 2D separation 
space in equal rectangular bins with a defined size (Figure 1.4) (Gilar et al., 2005). The area of 
the bins is established by plotting the normalized retention times of the peaks of a real 2D 
separation and assigning a normalized area to each data point. Then, an orthogonality value is 
calculated considering the percentage of bins corresponding to peaks relative to the total 
number of bins. When two completely correlated separation mechanisms are coupled, the data 
points are lined up along the diagonal, and the surface coverage is 10% (Figure 1.4A). On the 
other hand, when an ideal (and hypothetical) separation system is performed with two totally 
non-correlated dimensions, equal distribution of data points through the separation space 
would be achieved, covering 100% of the surface (Figure 1.4B). A more realistic situation is 
represented in Figure 1.4C, where data are randomly distributed, in a way that some bins 
contain more than one peak and some of the separation space is not used. This method is 
known as Bin Counting method (Gilar et al. 2005). It has been widely employed and it has 
served as the basis for the development of new methods for the calculation of the orthogonality 
(Davis et al. 2008; Schure 2011).  
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Figure 1.4. Geometric orthogonality concept. Hypothetical separation of 100 analytes in 10 × 10 normalized 
separation space. (A) Non-orthogonal system, 10% area coverage represents 0% orthogonality. (B) Hypothetical 
ordered system, full area coverage. (C) Random, ideally orthogonal, system, area coverage is 63% representing the 
100% orthogonality. Adapted from Guilar et al. (2005), copyright 2005 American Chemical Society. 
 
Recently, the “asterisk equations method”, a practical and fast procedure to calculate the 
orthogonality degree, has been reported by Camenzuli and Schoenmakers (2014). This method 
has been selected to estimate the orthogonality achieved using the diverse set-ups studied in 
the different applications described in the present Dissertation. The orthogonality calculation is 
simply based on the experimental measurement of peak retention times; thus, only the area 
covered by peaks is considered. It is an objective method since does not require any decision of 
setting parameter values as it is the case of many of the different models described until date. In 
practice, the method consists on crossing the 2D space by four lines (Z-, Z+, Z1 and Z2 lines) 
forming an asterisk as shown in Figure 1.5. The distance of each separated peak (normalized 
1D and 2D times of each peak) to the four Z lines is considered (Szx). The spread of components 
around Z1 line (Sz1) is related with the dispersion along the x-axis, that is, in the 1D; the spread 
of peaks in relation to Z2 line (Sz2) measures the 2D separation, while Z- and Z+ (Sz- and Sz+, 
respectively) consider the peak dispersion in both dimensions. Consequently, the method 
describes the use of the separation space, or in other words, estimates how much of the 
available space is occupied by peaks. 
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Figure 1.5. Graphical representation of the principles underlying the asterisk equations. SZx terms refer to the 
standard deviation of the distances of peaks from the Zx line. Adapted from Camenzuli and Schoenmakers (2014), 
copyright 2014 Elsevier. 
 
The distances of each peak regarding to the four lines (Szx) are calculated by the following 
equations: 
Sz- = σ { 1tR,norm(i) – 2tR,norm(i)}  (Eq. 1) 
Sz+ = σ {2tR,norm(i) – (1-1tR,norm)} (Eq. 2) 
Sz1 = σ {1tR,norm(i) – 0.5}  (Eq. 3) 
Sz2 = σ {2tR,norm(i) – 0.5}  (Eq. 4) 
Where σ is the standard deviation of the value between brackets and tRnorm(i) is the normalized 
1D and 2D retention time of each peak, described by: 
tR,norm(i) = 
𝑡𝑅(𝑖)−𝑡𝑅,𝑓𝑖𝑓𝑓𝑓
𝑡𝑅,𝑙𝑙𝑓𝑓−𝑡𝑅,𝑓𝑖𝑓𝑓𝑓   (Eq. 5) 
To calculate the Z values, the terms Szx are then entered in the following equations: 
Z- = |1 - 2.5|Sz- - 0.4|  (Eq. 6) 
Z+ = |1 – 2.5|Sz+ - 0.4|  (Eq. 7) 
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Z1 = 1 - |2.5×Sz1×√2 – 1|             (Eq. 8) 
Z2 = 1 - |2.5×Sz2×√2 – 1|   (Eq. 9) 
The spread of peaks around each Z line is equally important, so all Z values are included in the 
main asterisk equation to calculate the overall degree of orthogonality (Ao). 
AO = �𝑍− × 𝑍+ × 𝑍1 × 𝑍2  (Eq.10) 
AO value is expressed as percentage, in a way that the more the spread of peaks around the four 
Z lines the higher the AO value will be obtained, meaning that if AO = 100% the LC × LC system 
presents a complete orthogonality degree.  
 
1.3.3.1.2. Orthogonal couplings in LC × LC. 
Several different couplings of retention mechanisms have shown to produce successful 
orthogonal two-dimensional separations, such as the coupling between NP mode and RP 
separations (NP × RP), SEC coupled to RP (SEC × RP), IEX coupled to RP (IEC × RP), HILIC and RP 
(HILIC × RP), or even the application of two RP separation modes (RP × RP). RP is the most 
frequently employed separation mode for the 2D as a result of its separation capabilities and 
selectivity for a wide variety of compounds, as well as its high MS compatibility (Li et al. 2015). 
In practice, C18-based stationary phases provide with appropriate efficiency and fast re-
equilibration after the end of the analysis, which is a highly valued characteristic for fast 
gradient 2D separations.   
Amongst the mentioned couplings, NP × RP, RP × RP and HILIC × RP are those that have more 
frequently been employed in food analysis. 
 
 
1.3.3.1.2.1. Normal phase coupled to reversed phase (NP × RP). 
The coupling between NP and RP is one of the most orthogonal combinations due to the fact 
that both separation modes possess completely non-correlated retention characteristics. NP is 
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characterized for employing polar stationary phases and it is used for the separation of non-
polar compounds, while RP-compatible stationary phases are mostly non-polar and are mainly 
used for the separation of medium and high polarity compounds. Thus, NP × RP involves the 
use of two completely independent separation mechanisms that are ideal to separate samples 
containing compounds with hydrophilic-lipophilic properties. 
However, the coupling between these two separation modes is not easy to implement mainly 
due to the incompatibility problems of the mobile phases employed in both dimensions. NP 
usually employs very non-polar solvents as mobile phases, which can be even immiscible with 
the highly aqueous initial solvent composition of RP (Herrero et al. 2009). Even when miscible, 
both solvent compositions will be essentially incompatible as the elution strength in each 
dimension is the opposite. To partially solve this shortcoming, several strategies have been 
developed such as the use of evaporative interfaces between both dimensions allowing the 
evaporation of the solvent of the fraction eluted from the 1D before injection in the 2D (Tian et 
al. 2008).  
The use of long microbore columns in the 1D have also been studied to reduce the volume 
transferred to the 2D thanks to the possibility of using very low 1D flow rates. That way, the 
fraction transferred is completely dissolved in the 2D flow rate (Dugo et al. 2004). Another 
strategy that has been employed to overcome the solvent incompatibility issue was developed 
by Wei et al. (2009). In this case, partially compatible mobile phases were selected in both 
dimensions as well as a high temperature in the 2D to decrease the viscosity of the mobile 
phases, increasing the miscibility between them.  
 
1.3.3.1.2.2. Reversed phase coupled to reversed phase (RP × RP). 
In contrast to other couplings, RP × RP employs two related separation mechanisms that, a 
priori, may not provide enough different retention between the two dimensions to be 
considered as an orthogonal separation. However, on the contrary, RP × RP is the most 
extended coupling among the whole LC × LC applications published so far, since a difference 
in the linked functional groups (C18, phenyl, cyano, amino, among others) in both dimensions 
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and careful selection of the mobile phases employed in each case, can offer a good degree of 
orthogonality. The main advantage of the coupling of two similar separation mechanisms is 
that the mobile phases employed in both dimensions are completely compatible, minimizing 
one of the most important drawbacks of the coupling of two individual chromatographic 
systems (Li et al. 2015).  
Theoretical models have been applied for selecting the two RP conditions that may provide the 
best orthogonality, comparing the selectivity of each column. These models are mainly based 
on the study of the solute-column retentions and interactions, such as hydrophobicity, steric 
interactions, hydrogen-bond contribution, and ion-exchange activity (Snyder et al. 2004). 
Other RP × RP applications have also taken into consideration the influence of the mobile phase 
composition, pH, buffer concentration or temperature on the selectivity. Retention and 
selectivity on two RP systems can significantly vary with the modification of the mobile phase 
compositions or pH. For instance, Gilar et al. (2005) reported that the orthogonality achievable 
by the combination of two RP columns for the separation of peptides is limited by the 
correlation of the retention mechanism as well as by the scarce difference in selectivity 
between the tested stationary phases, giving as a result a poor coverage of the 2D separation 
space. However, a great increase in RP × RP orthogonality was gained by employing mobile 
phases with different pH in each dimension, showing that for the separation of charged 
compounds, pH is a leading parameter to generate a good orthogonal separation (Gilar et al. 
2005). 
 
1.3.3.1.2.3. Hydrophilic interaction chromatography coupled to reversed phase (HILIC × RP). 
Traditionally, HILIC has been employed for the separation of highly polar compounds. It is 
considered an alternative to NP, since HILIC, as well as NP, employs polar stationary phases, 
and shows an increased retention for highly polar compounds. The main difference with NP is 
that, in HILIC, highly organic-aqueous polar solvents are used as mobile phases (usually 
aqueous mixtures of 97-40% of acetonitrile (ACN)), avoiding the use of typical non-polar toxic 
solvents employed in NP. Therefore, the solvents employed in HILIC are more similar, and often 
compatible, to those used in RP modes (Alpert 1990; Dejaegher et al. 2008; Bernal et al. 2011). 
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Online coupling of HILIC and RP is one of the most orthogonal separation modes combination 
because it involves the coupling of a polar stationary phase (HILIC) with a non-polar one, as it 
occurs in the case of NP × RP. However, the important advantage that HILIC × RP provides with 
respect to NP × RP, is the good miscibility of the mobile phases of each dimension. Therefore, 
HILIC and RP may offer largely different selectivity and a high orthogonality degree.  
Nevertheless, although the solvents employed in both dimensions are miscible, the hyphenation 
of HILIC and RP in an on-line mode is still complicated, mainly due to the opposite elution 
strength in each dimension. This means that weaker organic solvents, typically acetonitrile, 
employed in the 1D (HILIC), are stronger solvents for the 2D (RP). Considering that the solvent 
composition of the fractions transferred is fixed by the gradient elution of the 1D, problems 
related to decrease in retention, band broadening and peak distortion may occur during the 2D 
separations. These deleterious effects are attributed to the injection of a plug of strong solvent 
in a weaker 2D mobile phase, which produces a loss of the efficiency and separation of the 2D 
(Jandera et al. 2012).  
The most employed strategy to face the solvent incompatibility issue is to carry out the 1D 
separation at a very low flow rates (10-100 µL min-1) with narrow-bore or microbore 
columns (~1.0 mm i.d.) in order to collect small volumes of effluent, while very high flow rates 
(2-5 mL min-1) are employed in the 2D, in a way that injection solvent effect is reduced 
(Jandera et al. 2012).  Apart from this approach, several innovations have been developed to 
reduce the solvent incompatibility effects, with the aim to remove the 1D solvent before the 
injection on the 2D columns, or producing the so-called on-column focusing effect on the top 
of the 2D columns to generate a narrow injection band. To carry out these strategies, several 
modifications of the instrument have to be performed such as evaporative interfaces or 
introducing make-up flows of weak solvents after the 1D separation. A more extensive 
description of these additional instrument solutions and some other innovations are included in 
Section 1.3.6. 
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1.3.4. PEAK CAPACITY. 
The key demand to chromatography for the separation of samples presenting mixtures of 
compounds with high complexity is that the system has to be able of produce proper 
resolution. The more accepted way of measuring the resolving power achieved by a 
chromatography-based system, is the calculation of the peak capacity.  
Peak capacity (nc) is the main way to measure the separation capability of a chromatographic 
system, and is defined as the maximum number of peaks with the same width that can be 
separated with exactly the same required distance to achieve the minimum stated resolution, in 
a determined chromatographic space (Davis and Giddings 1983).  
Peak capacity strongly depends on the elution mode because, under isocratic mode, peaks tend 
to widen as the retention time increases, whereas in gradient mode the bandwidth of all peaks 
is essentially maintained throughout the entire chromatogram. Accordingly, as can be deduced 
from Eq. 11, peak capacity is higher in separations performed under gradient mode because 
narrower bandwidths are attained, and consequently, more peaks can fit in the same 
separation space. 
nc = 1 + 𝑡𝐺𝑤   (Eq. 11) 
Where tG, is the gradient time and 𝑤 is the average peak width. 
This term should be considered as a theoretical measure of the separation capability, that is, as 
the ideal or the maximum number of resolvable peaks. However, in practice, peaks are not 
regularly spaced on the chromatogram, but they appear at random retention times, leading to 
overlapping. Therefore, the number of separated peaks in practice is much lower than the 
value of theoretical peak capacity calculated (Davis and Giddings 1983). Davis and Giddings 
(1983), statistically determined that the number of peaks in a chromatographic separation 
cannot exceed more than 37% of its peak capacity because overlapping. Otherwise, the 
resolution is compromised. 
Taking this theory in consideration, when a multiple-component complex sample has to be 
analyzed, conventional one-dimensional liquid chromatography (1DLC) techniques are limited 
by the maximum nc that can offer. For this reason, for the resolution of a complex sample, 
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extremely high peak capacities are needed. This theory lays the foundations of the necessity of 
two-dimensional separations, considering that the separation power can be immensely 
increased if different chromatographic systems are coupled. This is a direct consequence of the 
contribution of the peak capacity of each dimension towards the total separation power (Stoll 
et al. 2007; François et al. 2009).   
If ideal 2D separations could be achieved, the peak capacity of a 2DLC system would be 
calculated by the so-called product rule, that consists of the product of the individual peak 
capacities of each dimension (Eq. 12): 
2Dnc = 1nc × 2nc  (Eq. 12) 
Being 2Dnc the theoretical peak capacity of the 2DLC system; and 1nc and 2nc the 1D and 2D 
individual peak capacities, respectively. 
The ideal conditions that should be met to reach this peak capacity are, i) the coupling between 
two completely independent orthogonal separation mechanisms, and, ii) the analysis of a 
sample with all its compounds separated with the same resolution along the whole 
chromatographic space without leaving any baseline zone. 
Unfortunately, the absolute non-correlation between two separation systems as well as the 
existence of samples with such a degree of sample dimensionality is difficult, if not impossible, 
to achieve. Moreover, usually samples of natural origin for which a complete knowledge about 
their composition is not available are analyzed. In addition, these samples contain compounds 
with different chemical attributes, and thus, defining the dimensionality may be impossible 
(Stevenson et al. 2010). Therefore, as can be deduced, the attainment of a good distribution of 
the peaks throughout the 2D space, and hence a high peak capacity, will depend on both, the 
orthogonality provided by the two columns, and the composition of the sample.   
Even if this estimate to the calculation of peak capacity is not attainable in reality, the product 
rule allows noticing the enormous increment in peak capacity that MDLC is able to produce in 
comparison with 1DLC (Figure.1.6). 
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During a two-dimensional separation process, some intrinsic separation phenomena have a 
critical influence on the attainable theoretical peak capacity. These are the effects of 1D 
undersampling and the 2D band broadening (Bedani et al. 2012). 
 
1.3.4.1. Effect of 1D undersampling on peak capacity.  
One of the theoretical foundations in MDLC defines the sampling rate at which the transfer of 
1D effluent into the 2D column should be done. That theoretical approach implies that the 
sampling must be done in a way that during the 2D analysis, the achieved separation during 1D 
is not lost. 
Murphy et al. (1998) studied the effect of the frequency of the sampling rate in relation to the 
number of cuts along a 1D peak width (considering that the peak width at baseline of a well-
defined Gaussian peak is 8σ). Moreover, they considered the relevance of where these cuts start 
along the 1D, that is, the so-called sampling phase. The relevance of where the sampling phase 
is done leads to the undersampling problem. When the sampling rate starts at some point at the 
end of a 1D peak width and it lasts enough time to include the first part of the adjacent 1D peak 
width, an inevitable remix of these two previously well resolved peaks will occur during the 
storage of the fraction in the modulator. Hence, part of the resolution gained in the 1D 
resolution is lost and, as a consequence, a decrease in the peak capacity is observed (Figure 
1.7).  
This problem could be straightforwardly improved setting shorter sampling times, but, on the 
contrary, shorter sampling times will imply faster 2D analyses and a general loss of the 2D 
resolution. Murphy et al. (1998), theoretically and experimentally established that an 8σ peak 
width should be sampled and injected in the 2D column at least 4 times to minimize the effect 
of where the sampling phase starts and to solve the remix problem. This is commonly known as 
Murphy’s rule. The aim of the application of this development is to achieve a compromise to 
obtain the highest resolution at the shortest analysis time. 
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Figure 1.7. Sampling phase in which the end of peak 1 and the beginning of peak 2 are sampled in the same 
fraction; then, these previously well resolved peaks will be mixed during the transfer process. Adapted from Carr 
and Stoll (2015), copyright 2015, Agilent Technologies, Inc. 
 
Studies like the work proposed by Murphy are focused on not losing and maintaining as much 
as possible the 1D peak capacity through short modulation times.  
Other authors have paid attention on the modulation period as a parameter to improve the 2D 
peak capacity and its effect on the 1D separated peaks, and consequently, on the maximization 
of the whole 2D peak capacity. Horie et al. (2007) reported that the expected 2D peak capacity 
clearly decreases when modulation periods are stablished at 1.5 times the average standard 
deviation of the 1D (1σ) or less, while longer modulation periods produce a progressive 
reduction on the 2D peak capacity. Besides, they determined the optimum modulation period 
as a function of the 1D peak width, the 2D column length or the use of packed columns or 
monolithic columns in the 2D as well as the particle size of the packed columns. They proved 
that for all 1D peak widths and 2D columns lengths the optimum modulation period was in the 
range 2.2-4 1σ. 
After the model proposed by Murphy et al. (1998), several authors tried to quantify the 
undersampling effect in order to consider the decrease that this phenomenon produces over 
the theoretical peak capacity calculated by the product rule (Eq. 12).  
For instance, Davis et al. (2008b) defined the effect of 1D peak band broadening that occurs 
when using slow sampling frequencies, that is, when undersampling arises. Besides, they 
C h a p t e r  1 .  I n t r o d u c t i o n  
 
 33 
considered the random distribution of the peaks as well as the randomness of the sample phase. 
All these deliberations where included in the mathematical factor <β>, described as a function 
of the sampling time (ts) and 1σ before sampling. 
<β>=�1 + 0.21 � 𝑡𝑓1𝜎�2  (Eq. 13) 
Continuing with this theoretical development, Li et al. (2009) proposed to correct the peak 
capacity, calculated through the product rule, by <β>. 
Considering the 1D peak width (w) equal to 4σ, they reorganized the <β> factor as follows: 
<β> =�1 + 3.35 �𝑡𝑓
𝑤
�
2   (Eq. 14) 
According to Eq. 11, and considering that gradient elution is employed in both dimensions, 
while, ts is equal to the 2D analysis time (2tc) that is the sum of the time of the 2D gradient time 
plus the equilibration time (Eq. 15), <β> can be expressed as Eq. 16. 
      ts = 2tc = 2tG + 2treeq               (Eq. 15) 
 
<β> =�1 + 3.35 � 𝑡𝑐× 𝑛𝑐12
𝑡𝐺
1 �
2
  (Eq. 16) 
After that, with the aim to correct the theoretical peak capacity, <β> was included in Eq. 12, 
hereafter referred as practical peak capacity: 
𝑛2𝐷 𝑐,𝑝𝑝𝑝𝑐𝑡𝑝𝑐𝑝𝑝 = 𝑛𝑐 × 𝑛𝑐21 <𝛽> = 𝑛𝑐 ×  𝑛𝑐21
�1+3.35×� 𝑓𝑐× 𝑛𝑐12
𝑓𝐺
1 �
2
  (Eq. 17) 
With these equations, Li et al. concluded that, in practice, the Murphy’s rule of 4 samplings per 
peak may be sometimes difficult to achieve because short modulation times lead to better 
maintaining the 1D peak capacity but at the cost of very fast sampling rates and consequently, 
extremely fast 2D analyses. Thus, it can be concluded that in practice, under LC × LC conditions, 
a certain degree of 1D undersampling is almost impossible to be avoided. 
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Although the fact of undersampling is inevitably present in LC × LC, there are some 
optimizations that can help to reduce its unwanted effects. From Eq. 16 it can be deduced that 
some parameters can contribute to its improvement, for instance, the use of gradient elution in 
both dimensions, the increment of the 1D gradient time (1tG) using lower 1D flow rates or, as 
mentioned before, the fact that shorter 2tc are translated into higher 1D peak capacity. However, 
it is important to emphasize that the reduction of 2tc leads to loses of 2nc due to the reduction on 
the available 2D separation time gradient (Seeley 2002; Bedani et al. 2012). Hence, one of the 
most important optimizations that has to be carefully studied during the development of a LC × 
LC method is the compromise between undersampling and the optimum 2D analysis time and 
resolution. 
 
1.3.4.2. Effect of 2D band broadening on peak capacity. 
The trade-off between solving undersampling and having appropriate modulation times for a 
convenient 2D analysis time, sometimes produces large eluted fractions from the 1D, leading to 
large 2D injection volumes. The effect of injecting large volumes (compared to total column 
volume) in the 2D is a possible cause of band broadening. 
Second dimension band broadening can be even more pronounced when the internal column 
diameter of the 1D (1dc) is larger than the internal diameter of 2D column (2dc). Thus, 
maximizing the ratio 2dc/1dc leads to a lower band broadening effect. In addition, the use of 
2dc larger than 1dc allows maintaining a higher 2D flow rate than the one used in 1D which 
contributes to a general improvement of 2D separations thanks to the fact that the 2D flow rate 
reduces the strength of the 1D solvent, helping to produce a desired focusing effect on the head 
of the 2D column. The focusing factor is an important parameter that has to be taken into 
account when the optimization of the LC × LC is being carried out. The injection of the 1D 
fraction in the 2D column dissolved in the 1D mobile phase can yield to a poor retention of the 
analytes, because the use of orthogonal columns implies that the weak solvent for the 1D will 
be the strong solvent for the 2D. Thus, a clear solvent strength mismatch occurs. That way, the 
injection of analytes in the 2D dissolved in a strong solvent, together with the use of high 2D 
flow rates can produce a rapid elution of part of the injected volume without any retention 
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and/or with band broadening, given rise to a loss of efficiency and resolution and, consequently 
to a loss of 2nc. For this reason, injection of analytes dissolved in a weak solvent is desired to 
form a narrow band on the top of the 2D column that allows a good retention and the 
subsequent elution, i.e., producing on-column focusing. As can be deduced from the 
information presented in this section, a reduction on 2D band broadening will be translated on 
higher values of 2D peak capacity, and thus, an improvement on 2Dnc. 
Several implementation advances have been developed so far to improve the on-column 
focusing, and consequently, to reduce the deleterious effect of 2D band broadening. Some of 
them will be further detailed (Section 1.3.6). 
 
1.3.5. ON-LINE LC × LC INSTRUMENTATION.  
The conventional LC × LC instrumentation consists of three sections:  
i.  First dimension formed by an injector, a LC pump and a chromatographic column, that 
can be coupled or not to a detector. 
ii.  Second dimension with another LC pump, a column and a detector. 
iii.  Interface or modulator that connects both dimensions; usually consists of one or more 
switching valves.  
As already mentioned, until just a few years ago, the vast majority of the LC × LC available 
equipment were lab-made instruments due to the lack of commercial LC × LC 
chromatographs. These instruments mainly consisted of two independent HPLC 
chromatographs coupled through the selected interface. The advantage that these lab-made 
configurations provide is the versatility to modify each part of the set-up as a function of the 
desired application; for example, 2D pumps could be substituted, when possible, by UHPLC 
pumps in order to be able to configure very fast 2D analysis. Nevertheless, they also present 
drawbacks, such as the complex software compatibility of two LC instruments, the limitation of 
the maximum pressure that the interfaces support, or the high dwell volume of the instrument 
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employed in the 1D, that greatly affects to the gradient elution under typical suboptimal 1D 
flow rates, among others. 
Currently, due to the increasing acceptance and knowledge about the benefits of on-line 2DLC, 
commercial 2DLC instruments have been developed by different brands, with many of the 
drawbacks of the traditional LC × LC instruments solved.  
1.3.5.1. Types of interfaces. 
The interface is the critical point to achieve a satisfactory LC × LC analysis. The most difficult 
task in the development of a LC × LC method is the connection of the two chromatographic 
systems. It is in the interface where all the interactions between the two dimensions are 
physically established and, therefore, the interface has to control all the parameters and 
compromises that must be taken into account to carry out a successful two-dimensional 
coupling.  
In particular, the function of the interface is the continuous collection of 1D effluent and its 
transfer to the 2D. Some of the most important compromises that the interface has to deal with 
are: i) the relationship between the 1D flow rate and the 2D injection volume, which is 
determined by the time elapsed between modulations, and, ii) the possible incompatibility 
between mobile phases from each dimension. 
Depending on the LC × LC application, several interface designs have been employed to solve 
the challenges that the particular LC × LC method implies. 
 
1.3.5.1.1 Non-focusing interfaces. 
The vast majority of LC × LC couplings are performed by means of electronically-controlled 
switching valves. The set-up can be performed by one or multiple valves configuration. Figure 
1.8 shows the schemes corresponding to the most-used configurations. 
When only one valve is involved in the hardware, 8-, 10- and 12-port 2-position switching 
valves are the most common traditional options (Figure 1.8A). On the other hand, a multi-valve 
design with two 6-port 2-position switching valves has also been employed as an alternative 
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configuration design (Figure 1.8B). From all of them, the 10-port valve is, possibly, the most 
often valve employed as interface (Figure 1.8A). However, in recent years, a new valve 
combination is gaining importance, based on a 4-port duo valve (Figure 1.8C). The number of 
LC × LC applications that employ this new valve has increased as a result of the introduction of 
commercial LC × LC chromatographs in the market that incorporate this improved design 
(Cesla and Krenková 2017). The advantages associated to their use are mainly fast operation 
and to be able to avoid the use of jumpers between connections that slightly increase the 
transfer volume and flow path length from one position to the other (see comparison between 
Figure 1.8A and C). 
In general, these valves are equipped with two loops with identical internal volume. One loop 
is connected to the exit of the 1D column and collects its effluent during the time that the valve 
is maintained in the same position (sampling time or modulation time). The other loop is 
connected to the 2D pumps and the entrance of the 2D column, in a way that the 2D mobile 
phase pumped pushes the content of the loop towards the 2D column, where is injected and, 
subsequently, separated. Therefore, the 2D analysis time (including gradient and re-
equilibration) has to be equal to the modulation time. When the valve is operated (modulation), 
the loops exchange their function.  
The time elapsed between modulations together with the 1D flow rate, determines the volume 
of the stored 1D fraction, and therefore, the injection volume of the 2D. This volume has to be 
kept as small as possible to avoid possible 2D separation problems (Stoll and Carr 2016). As it 
has been already mentioned, large volumes can result in band broadening and in a loss of 2nc, 
although injecting too small volumes may result in sensitivity issues (Bedani et al. 2012).  
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Figure 1.8. Schemes of three of the most-employed valve-based modulators in on-line LC × LC. A) 10-port, 2-
position switching valve; B) two 6-port-, 2-position switching valve; C) 4-port duo valve. 
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Due to their simplicity and reproducibility, valves equipped with injection loops are the most 
frequently used interfaces. In any case, the use of loops connected to the valve, is linked to the 
need of short 2D analysis times and very fast 2D separations, resulting in a reduction of 2D peak 
capacity, as previously explained. With the aim to permit longer 2D analysis times, other valve 
configurations have been developed. For example, the use of two parallel 2D columns instead of 
loops was applied by Cacciola et al. (2006) for the separation of phenolic compounds of beer. 
They employed a 10-port, 2-position switching valve with two identical C18 columns as 2D. 
Each 2D analysis lasted 6 min, which is advantageous to gain 2D peak capacity; however, it 
implies very long modulation times compared with those of the loop-based interfaces. 
Therefore, less modulations of the 1D effluent are possible, leading to significant 
undersampling, and hence, losses of the 1D separation (Cacciola et al. 2006). Moreover, two 
columns even produced from the same batch are never identical, thus, producing a lack of 
reproducibility or drifts for successive modulations. Another alternative for reducing the 
modulation time was developed by François et al. (2008). For this application two 10-port, 2-
position switching valves, one equipped with sampling loops and the other with two 2D 
columns, two detectors and two 2D pumps were needed, besides of two 2D columns. With this 
approach, the authors were able to use sampling times of 1 min, whereas the 2D analysis time 
was optimized in 2 min, enabling a higher resolution compared to the same analysis employing 
regular sampling loops in the interface (François et al. 2008).  
Although the strategies involving two parallel 2D columns provide good results in terms of 
resolution and peak capacity, they present serious drawbacks already mentioned, such as 
severe 1D undersampling  in the first case described (Cacciola et al. 2006) or the need of a very 
sophisticated instrumentation in the second one (François et al. 2008).  
 
1.3.5.1.2 Focusing interfaces.   
In some LC × LC applications, very different separation systems are coupled to obtain a good 
degree of orthogonality like NP × RP or HILIC × RP. However, the coupling of these separation 
modes leads the use of incompatible mobile phases. Currently, the development of strategies 
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that partially solve this problem is one of the LC × LC trends that rises most interest. Besides of 
the use of slow 1D flow rates to transfer as small as possible aliquots of the incompatible solvent 
into the 2D, several instrumental developments focused in the interface have been studied. 
A promising alternative option to the loop configuration is the use of two trapping columns 
with stationary phase similar to the 2D stationary phase. The selection of the nature of the 
trapping columns is a very important concept to keep in mind; trapping columns should not 
offer too strong retention of the analytes, otherwise, they could not be easily desorbed by the 2D 
mobile phase. However, in the opposite case, some analytes may not be effectively retained in 
the trapping columns, and therefore they can be lost (Egeness et al. 2016). If the correct 
trapping columns are used, this approach enables the reduction of the band broadening of 
peaks in the 2D. This effect is due to the trapping of compounds of the collected fraction in a 
very short column (trap) with the same selectivity than the 2D column, thus, promoting a 
concentration effect prior to their injection in the 2D column. Moreover, their elution would be 
related to a focusing effect and the subsequent injection of narrow bands (Cacciola et al. 2007), 
further improving 2D performance.  
One of the most successful approaches consists in the implementation of the previous design. It 
is based on the use of two trapping columns in the switching valve together with a make-up 
flow that dilutes the 1D effluent before its entrance in the interface with a weaker solvent, 
suitable for the 2D separation (Winther and Reubsaet 2005; Vonk et al. 2015; Gargano et al. 
2016). This procedure is an implementation of the use of trapping columns with the only 
requirement of an additional LC pump easily set to deliver the make-up flow at a fixed rate. 
The decrease of the mobile phase strength of the 1D fraction with a weaker solvent produces an 
on-column focusing in the trapping column. That way, analytes are efficiently retained in the 
trapping column during the loading position of the valve and they will be eluted by the initial 
2D mobile phase when the valve changes to the injection position. Therefore, analytes are 
injected in the 2D dissolved in a mobile phase completely compatible with the stationary phase, 
which produces narrower peaks and higher efficiency. Moreover, sensitivity can be greatly 
improved not only because of the pre-concentration of the fraction in the trapping columns, 
but also because this design allows to use 1D columns with broader internal diameter than 
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microbore or capillary columns, and therefore, it is possible to load more sample in the 1D 
column. Another important advantage is that thanks to the decrease of the 1D mobile phase 
strength, couplings between separation mechanisms that caused severe incompatibility 
problems until date, could be employed. Gargano et al. (2016) defined this modulation 
procedure as active modulation (LC/a × m/LC) in contrast with “passive modulation” of the 
conventional loop interfaces.  
An interesting interface design adapted to focusing modulation is the vacuum-assisted 
evaporation interface. It was employed by Tian et al. (2008) for the coupling of a NP separation 
in the 1D and a RP in the 2D. The interface consisted on a 10-port 2-position switching valve 
where vacuum was connected on the waste port. This way, at the same time that the loop was 
being filled with the 1D effluent, the solvent was evaporated by the application of vacuum at 
25ºC, leaving the analytes deposited on the internal wall of the loop. Then, when the valve was 
actuated, the 2D mobile phase desorbed the compounds and were injected in a compatible 
solvent into the 2D column. By removing the solvent from the 1D, the excessive dilution 
encountered in LC × LC is circumvented and 2D band broadening can be reduced. Although 
this application proved to be successful, further development of this type of interface has not 
been followed, considering that the risk of sample loss is prominent with this type of vacuum 
evaporative modulators. In fact, Tian et al. (2008) reported a recovery as low as 50% for some 
analytes.  
Thermal modulation is another innovative interface. It involves heat transfers, analyte 
retentions, and elution velocity controlled by temperature. Up to now, this is the only interface 
presented not based on a conventional switching valve design. It consists of a modulator 
formed by three parts: a trapping column with the same stationary phase as the 2D column, a 
low thermal mass (LTM) resistive heating, similar to the heating modules used in gas 
chromatography, and a longitudinally modulated cryogenic system adapted to hold the LTM. 
By applying heating and cooling cycles, analytes were captured in the trap column and eluted 
to the 2D column. Thermal modulation produced narrower bands in the 2D compared to a 
conventional switching valve system. Besides, this design reduced the pressure fluctuations 
produced by switching valves because of the change of the valve position. These fluctuations 
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cause the brief interruption of the 2D flow rate and therefore a slight pressure drop, which 
ultimately can reduce column lifetime. The main limitation of the thermal modulation is that 
the 2D analysis time is restricted by the cycles of the modulator, and analysis shorter than 40 s 
could not be performed, in addition to its sophisticated design (Creese et al. 2017). 
In Table 1.1 the main advantages and disadvantages of all the described interfaces are 
summarized 
  
 
Table 1.1. Comparison of the different interfaces employed in on-line LC × LC.  
Interface Description Pros Cons 
Sampling loops 
One 8-, 10-, 12-port 2-position switching valve or 4-
port duo valve or two 6-port 2-position switching valves 
equipped with two sampling loops with identical volume 
› Versatility 
› Simple configuration 
› High reproducibility 
› No focusing effect 
› Short 2D analysis time required 
Two parallel 2D 
columns 
Use of two 2D columns directly connected to the valve › Longer 2D analysis, higher 2nc 
› Severe 1D undersampling due to long 
modulation times 
› Lack of reproducibility or drift 
appearance because of non-identical 2D 
columns  
 
Trapping columns 
One of the possible configurations for switching valves 
using two trapping columns with similar 2D column 
selectivity. 
› Focusing effect 
› Reduction of 2D band broadening 
› Potential loss of some components due to 
unefficient trapping 
› Short 2D analysis time required 
Active modulation 
(LC/a × m/LC) 
Use of trapping columns with the incorporation of a 
make-up flow at the exit of the 1D effluent, before 
entering the trap  
› Reduction of the 1D effluent solvent 
strength 
› Effective trap retention 
› Strong focusing effect 
› Increase on selectivity 
 
› Need of an additional pump 
› Short 2D analysis time required 
Vacuum-assisted 
evaporation 
Conventional loop interface with the incorporation of 
heat and vacuum connected to the valve. 
› Complete removal of 1D solvent, making 
compatible the coupling of almost all 
separation modes 
› High risk of sampling loss 
Thermal modulation 
Modulator formed by a trapping column with the same 
stationary phase than the 2D column, a LTM and a 
longitudinally modulated cryogenic system. 
› Reduction of 2D band broadening 
› 2D analysis time limited by the modulator 
cycles 
› Very sophisticated instrumentation 
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1.3.6. CHALLENGES AND REQUIREMENTS OF THE LC × LC INSTRUMENTATION. 
The efforts to achieve a satisfactory LC × LC separation are turned towards the gain of higher 
peak capacity and maximum orthogonality degree as well as to increase sensitivity, considering 
that current set-ups produce a great dilution of the sample since very high flow rates are 
typically employed in 2D, which directly affect the limits of detection. 
To face these challenges, the operating conditions in the different parts of the LC × LC 
instruments should be adapted to some requirements and criteria, including stationary phases, 
mobile phases, column dimensions, flow rates and frequency of the sample transfer fractions, 
among others (Jandera et al. 2008).  
The goal of every LC × LC method development is to maximize the three main parameters, i.e., 
peak capacity, orthogonality and sensitivity, which imply a multi-objective task. The difficulty 
to optimize all the involved parameters is that all of them are closely related and somewhat 
connected, and thus, the modification of one factor affects the others. This implies that each 
part of the instrument is subjected to important challenges. These are described in the 
following sections, and summarized in Table 1.2. 
  
 
Table 1.2. Challenges and solutions of the three main parts of an on-line LC × LC instrument found during method development. 
 Challenge Solution Advantage Disadvantage 
1D 
Undersampling 
› Narrow or microbore columns 
with low flow rates 
 
› Broad separation with wide 1D peaks to 
allow 3-4 samplings per peak 
Sub-optimal 1D flow rates  
2D band 
broadening 
 
Solvent 
incompatibility 
› Narrow or microbore columns 
with low flow rates 
› Low volume of 1D effluent to 
modulator 
Reduced sensitivity 
2D injection volume 
 
› Narrow or microbore columns 
with low flow rates 
› Split the 1D effluent prior 
modulation 
 
› Collection of small fractions of 1D 
effluent 
 
› Optimal 1D flow rates 
2D 
Undersampling Short 
2D analysis 
time 
› Short partially porous or 
monolithic columns  
› Columns that provide high efficiency 
and produce lower backpressure 
 
Need of very high 2D flow rates 
› 2D UHPLC 
› Short efficient columns with smaller 2dc 
that allow lower 2D flow rates 
 
› Great 2nc increase. 
 
Smaller 2dc could produce 2D band 
broadening problems 
2D band 
broadening 
Solvent 
incompatibility 
› 2dc larger than 1dc with very fast 
2D flow rates 
› Dilution of the 1D solvent in 2D mobile 
phase 
Reduced sensitivity 
› SIF and CS system gradients in 2D 
› 2D mobile phase adaptation to 1D 
mobile phase 
SIF requires re-equilibration time. 
CS could produce band 
broadening. 
  
Interface 
Undersampling › Short modulation times › Fast sampling rate of the 
1D separation 
 
Short 2D analysis times 
2D band 
broadening 
Focusing effect › LC/a × m/LC 
› Pre-concentration of the analytes. 
› Increased sensitivity.   Short 
2D analysis time. 
Solvent 
incompatibility 
› Vacuum-assisted evaporation › Elimination of 1D solvent Risk of sample loss 
› Thermal modulation › Elimination of 1D solvent Very sophisticated instrumentation 
› LC/a × m/LC ›Elimination of 1D solvent Additional LC pump 
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1.3.6.1. First dimension. 
1.3.6.1.1. First dimension challenges. 
In the 1D, the separation of the compounds present in the sample has to be broadly distributed 
along the 1D chromatogram to provide wide peaks that can be sampled 3-4 times to meet 
Murphy’s rule (Murphy et al. 1998) in order to reduce the effect of the 1D undersampling and 
to maintain the separation obtained in the 1D.  
The 1D flow rate, together with the modulation time, is one of the parameters that directly 
determine the fraction volume that will be transferred to the 2D. As explained above, the 
volume of the fraction injected into the 2D column should be as minimum as possible. Some 
authors recommend that this volume should not exceeded the 10% of the 2D column void 
volume (Gargano et al. 2016).  
There are several ways to keep small fraction volumes and to provide the needed 1D separation 
to avoid a loss on 1D resolution during the sampling process. The most common is the 
implementation of the 1D separation at very low flow rates, often run at suboptimal 
efficiencies.  That way, a good broad 1D separation is achieved and small aliquots of the 1D 
effluent are collected in the interface. For instance, if the separation in the 1D lasts 120 min, 
which is rather common in LC × LC, the aim would be to achieve 1D peaks with 1σ of about 
0.5-1 min and modulation times shorter than 2.4 min. These parameters were established by 
Bedani et al. (2012) and, this way, a compromise to solve the conflict between the length of the 
sampling time related to the 2D analysis time was found. Bedani et al. (2012) also reported 
another important contribution: exceeding the 1nc value above 50 is not useful for a fixed total 
analysis time, because higher values of 1nc would mean narrower 1D peaks, and therefore, 
faster sampling rates would be needed, implying a reduction of  the available 2D analysis time, 
with the consequent decrease of the 2nc (Bedani et al. 2012).  
 
1.3.6.1.2. First dimension requirements.  
To carry out successful separations at low flow rate, the use of long 1D columns with narrow 
internal diameter such as capillary or microbore columns is highly recommended (Dugo et al. 
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2006c; Cacciola et al. 2011; Jandera et al. 2012). Some LC instruments employed in the 1D are 
not able to provide reproducible gradients at the low flow rates required for these applications, 
because of their high total dwell volume. An alternative to solve this problem is the use of a 
flow-splitter placed between the 1D pump and the injection valve. As a result, adequate flow 
rates for these LC systems are used in the pump and, thanks to the split, the required low flow 
rate arrives to the column (Stoll et al. 2007). Unfortunately, this solution means that most of the 
1D solvent is wasted. The use of very narrow diameter 1D columns leads to a compromise of the 
detection sensitivity since the mass of sample that can be injected in these narrow columns is 
relatively small. 
Other works have developed a strategy where 1D separation works at typical HPLC flow rates 
(0.3-0.5 mL min-1) (Filgueira et al. 2011). The flow rate is then spitted after the 1D column and 
before the interface. The main advantage of the post-1D flow splitting system is that 1D 
separation is more robust, reproducible and better efficiencies can be obtained, as well as that it 
allows essential independence of the modulation time, collected volume and, therefore, of the 
2D analysis time. Filgueira el al. (2011) achieved a 4-fold increase in the 1nc in comparison 
with a splitless system. However, the gain in 1nc can produce a loss of total 2Dnc, due to the fact 
that narrow 1D peaks lead to the undesired undersampling of the 1D. In other cases, even low 
1D flow rates are splitted after the column, the goal is to collect very small 1D fraction eluents 
(e.g., 2 µL) in order to reduce as much as possible the 2D injection volume. This split has to be 
reproducible and robust along the whole 2D analysis in order to affect equally to all 
components (Beelders et al. 2012). A common disadvantage to both strategies is that part of the 
sample is discarded during the split, so loss of sample is produced and only a discrete part of 
the analytes reaches the detector, which significantly affects the sensitivity. 
 
1.3.6.2. Second dimension. 
1.3.6.2.1. Second dimension challenges. 
The 2nc peak capacity and the speed of analysis are two critical parameters since the shorter the 
2D analysis, the more the 1D is sampled and thus the better the 1D separation can be 
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maintained, although, at the same time, the incidence of the available time gradient in the 2nc is 
significant. Thus, shorter analysis times usually mean smaller 2nc values. In fact, 2D separation 
has shown to have more relevance in the total performance of the LC × LC system than the 1D 
separation (Uliyanchenko et al. 2012). 
As above pointed out, the high sampling rate establishes the available 2D analysis time, because 
the separation of a fraction transferred to the 2D has to be finished before the next fraction is 
injected. Moreover, when gradient elution mode is selected in the 2D, the 2D analysis time has 
to include also the re-equilibration of the 2D column, in order to maintain the 2D column 
under identical initial conditions when the next fraction is injected. Hence, the 2D analysis has 
to be performed as fast as possible. This implies that the 2D analysis has to be performed at high 
flow rates, which greatly affects the sensitivity of the system since the analytes are largely 
diluted in the 2D mobile phase. 
Moreover, as already mentioned, other challenge related to 2D is the possible poor 
compatibility of mobile phases, which affects the separation obtained in the 2D that is 
susceptible to suffer band broadening. Hence, one of the targets of LC × LC method 
optimization is to achieve on-column focusing on the top of the 2D. 
 
1.3.6.2.2. Second dimension requirements. 
Regarding the 2D injection band broadening problem, it is possible to achieve a minimization 
of the 2σ by maximizing the ratio 2dc/1dc. When a 2D column with a broad internal diameter is 
coupled to a 1D narrower internal diameter column, the difference in the flow rates employed 
in each dimension (lower enough in the 1D) helps to reduce the effect of the 1D mobile phase 
strength by diluting the sample in the 2D mobile phases. However, larger 2dc imply greater 
dilution of the sample as well as sensitivity losses (Bedani et al. 2012).   
Working at high flow rates implies a significant increase of the system backpressure. For this 
reason, LC instruments that can cope with very high backpressures, as well as columns that 
generate smaller pressure drops are essential. Hence, to deal with very fast flow rates not only 
2D columns with relatively large internal diameters are required, but also short efficient 
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columns are indispensable. In this regard, monolithic columns can be a very useful alternative, 
since they generate lower column resistance, and, therefore, lower backpressure (Cacciola et al. 
2006; Kivilompolo and Hyötyläinen 2008). In addition, the innovation in column technology 
has opened an excellent solution to cover the needs of the 2D: the development of partially-
porous particles. These new particles consist on a solid core and a superficial porous shell, in 
which the functional groups of the stationary phase are bound. As a consequence, the diffusion 
path through the particles is significantly reduced, together with the molecular diffusivity of 
analytes. These columns show higher efficiency than their conventional counterparts, and 
facilitate the use of high flow rates since the mass-transfer is faster. Another positive side-effect 
of using shorter diffusion paths is that smaller pressure drops are generated compared to 
conventional fully-porous particles (Cavazzini et al. 2007; Cunliffe and Maloney 2007; 
Marchetti et al. 2007).  
Temperature can also help to carry out fast analyses since high temperature reduce the 
viscosity of the solvents and improve diffusion coefficients, diminishing the operation pressure. 
Besides, temperature also produces improvements on the LC × LC performance and therefore 
on the peak capacity (Stoll and Carr 2005). 
On the other hand, 2nc can be greatly increased by employing gradient elution programs. 
Jandera et al. (2008) described that gradient elution could offer a peak capacity four times 
higher than isocratic elution. The gradient has to cover the whole mobile phase range to elute 
the most retained compounds in very fast cycles including the re-equilibration time.  
Second dimension gradient elution can also influence the orthogonality of the LC × LC 
separation. 1D column separates the complex mixture of compounds present in the sample as 
function of its selectivity; however, due to the use of a non-correlated separation mechanisms 
in 2D, usually, the compounds that are firstly eluted from the 1D are highly retained in the 2D 
and, vice versa, compounds strongly retained in the 1D elute fast in the 2D. Consequently, peaks 
would not efficiently cover the whole 2D space unless orthogonal mechanisms are coupled. A 
practical strategy to cover the 2D space is to adapt the 2D gradient to the eluted compounds of 
the 1D along the whole LC × LC analysis time. In that sense, 2D gradient types can be classified 
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as “full in fraction” (FIF) (Figure 1.9A), “segment in fraction” (SIF) (Figure 1.9B) and “continuous 
shifting” (CS) gradients (Figure 1.9C) (Jandera et al. 2010). 
FIF gradient comprises the use of the same 2D gradient step along the whole LC × LC analysis 
(Figure 1.9A). This type of 2D gradient provides narrow peak widths. However, with this 
gradient the coverage of the 2D space can be scarce because of the different affinities of 
compounds on the two dimensions. Furthermore, the analysis time available for the separation 
is less than the modulation time because each 2D analysis has to include a post-gradient re-
equilibration time, so as can be deduced of Eq. 15, the time for the separation is described by 
Eq. 18: 
2tG = ts - 2treeq  (Eq. 18) 
Where tG is the 2D gradient time or the time available for the separation, ts is the sampling time 
or modulation time, and 2treeq is the time need to re-equilibrate the column to the initial 
conditions before the next 2D analysis. 
In contrast, SIF gradient consists on the application of several segments of 2D gradients along 
the whole 2D time, in a way that the initial and the end composition of the gradient is modified 
according to the 1D mobile phase and therefore with the nature of eluted compounds (Figure 
1.9B). This modification allows a greater coverage of the 2D space. Moreover, with this method 
a focusing effect can be obtained thanks to the modification of the 2D mobile phase as function 
of the 1D mobile phase. The main drawback of this procedure, as in FIF gradient, is the 
consideration of the re-equilibration time in the 2D analysis time. 
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On the other hand, CS, also called parallel gradient, employs only one 2D gradient during the 
2D analysis, unlike FIF and SIF that use repetitive 2D gradients in each modulation (Figure 
1.9C). The advantages of this method is that the 2D column does not require a re-equilibration 
during the analysis because it employs a continuous gradient, so CS offers a more efficient use 
of the second dimension analysis time since the whole 2D analysis time is accessible for the 
separation. Besides, the initial 2D mobile phase of each 2D analysis is modified during the 
whole analysis time. However, it presents the disadvantage of possible band broadening due to 
quasi-isocratic 2D gradient in each 2D analysis. 
Finally, other implementation that can be considered to increase the speed of the 2D analysis is 
the use of UHPLC instruments in the 2D. The use of UHPLC involves employing columns with 
sub-2 µm particles, which result in a gain of efficiency and in shorter analysis times, at the cost 
of higher pressure drops. Thus, the use of UHPLC in the 2D with short columns containing sub-
2 µm particles increases the 2nc, and allows the use of lower flow rates when columns with 
smaller internal diameter are employed, enhancing the sensitivity (Huidobro et al. 2008; 
Kivilompolo and Hyötyläinen 2008; Sarrut et al. 2014). Vivó-Truyols et al. (2010) reported an 
increase in the peak capacity of 15-20% when UHPLC is used in one of the two dimensions and 
of 25-30% if UHPLC is used in both dimensions, compared to the use of a conventional HPLC × 
HPLC system. At the same time, a reduction of 25% and 35 % of total analysis time is achieved 
when UHPLC is employed in one or in both dimensions, respectively. 
 
1.3.6.3. Interface. 
1.3.6.3.1. Interface challenges. 
As the interface is the responsible for the physical contact between 1D and 2D mobile phases, 
the interface has to face many challenges. An ideal modulation interface should mix and solve 
the incompatibility between mobile phases, focus the 1D elution fraction as well as re-inject it 
in a relatively short time. 
Besides, sensitivity could also be improved when a pre-concentration of the analytes and a 
good focusing of them is carried out in the interface. 
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1.3.6.3.2. Interface requirements. 
As explained in Section 1.3.5.1, different interface designs have been developed, generally with 
different aims: i) to produce short sampling times to achieve the maximum possible number of 
samplings of the 1D effluent in order to avoid undersampling; ii) to increase the 2nc, and/or, iii) 
to generate a focusing effect (see Table 1.1).   
Many efforts have been made to achieve the “ideal modulator”; however, the transfer process of 
two completely different dimensions, each of them with its particular criteria and requirements 
is far from straightforward. All the developed interfaces contribute to enhance one of the 
necessities of the interface performance, but unfortunately, at the cost of some other 
requirements that are negatively influenced. The most promising approach could arguably be 
the new LC/a × m/LC procedure, since it meets with all the needs of and ideal modulator with 
the only drawback of incorporating an easily to be implemented instrumental modification. 
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1.3.7. DATA ANALYSIS IN ON-LINE LC × LC. 
1.3.7.1. Detectors. 
Detection in LC × LC is not different from other LC systems. As in conventional HPLC, the kind 
of detector coupled to the instrument depends on the properties of the analytes to be 
determined. Some LC × LC applications use two detectors, one at the end of each dimensions 
(Dugo et al. 2004) although in the vast majority of LC × LC applications, only one detector is 
used to register the signal after the 2D separation. At this point, it is worth to note that 
registering the 1D separation is just useful during the LC × LC method development in order to 
monitor the optimization of the separation. Once optimized and coupled to the 2D, is not 
necessary to monitor the 1D separation anymore. 
A variety of detectors have been coupled to LC × LC: absorbance (UV-Vis) (Filgueira et al. 
2011), diode array detector (DAD) (Cacciola et al. 2007; Kivilompolo and Hyötyläinen 2008; 
Cesla et al. 2009) or evaporative light scattering detector (ELSD) (van der Klift et al. 2008; 
Mondello et al. 2011). These detectors monitor the separation, and some of them give useful 
information for sample characterization, for example UV-Vis spectra. However, due to the 
complexity of the samples analyzed by LC × LC, in many occasions, the information provided 
by these detectors is not enough to carry out the identification of hundreds or even thousands 
of peaks. In this regard, the coupling of LC × LC to MS (LC × LC-MS) is completely essential. 
The hyphenation between LC × LC and MS utilizes the same systems and principles than 1DLC. 
However, some considerations have to be taken into a count (Dugo et al. 2011): 
i. When very high 2D flow rates are employed, the flow rate must be splitted before its 
entrance into the MS, because the ionization sources employed in LC × LC (ESI and 
APCI) are not able to cope with such high flow rates. 
ii. Acquisition rate fast enough to adapt to the fast 2D separation is recommended. 
Although mass spectrometers of low resolution (quadrupole, ion trap) are able to 
provide adequate acquisition speeds, the use of state-of-the-art high resolution mass 
spectrometry analyzers (time-of-flight (TOF) or hydride analyzers such as QTOF or 
Orbitrap) is the best choice for LC × LC data acquisition. 
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In this regard, MS could be considered as an additional dimension. Furthermore, very recently 
ion mobility (IM) has been employed as a fourth dimension, since its capability to separate 
compounds according to their shape-to-charge ratio offers a further separation of the 
compounds after their 2DLC separation and before the MS analysis. Besides, IM, as high 
resolution mass spectrometry (HRMS) through the exact mass, greatly increase the certain 
identification of compounds by the characteristic collision cross section (CCS) values, allowing 
the separation of analytes with the same molecular weight that cannot be differentiated by MS, 
but are different in size and shape (isobaric compounds) (Stephan et al. 2016a, 2016b). 
 
1.3.7.2. Detection issues in on-line LC × LC. 
As it has been previously mentioned, detection sensitivity is one of the most important 
weaknesses of LC × LC. This issue is worsened when samples containing compounds at low 
concentrations are analyzed. Low sensitivity of LC × LC is mainly due to the dilution of the 
sample components during the analysis by two consecutive separation processes; in fact, the 
dilution in LC × LC is multiplied by two in comparison with 1DLC. This is even more 
pronounced, considering the typical high 2D flow rates (Horváth et al. 2009). 
In 1999, Schure evaluated the dilution effect occurred at the detector in LC × LC focusing on a 
concrete separation zone and comparing with the same zone analyzed in 1DLC. A 100-fold 
greater dilution produced in the LC × LC analysis was reported. Currently, several instrumental 
improvements have been developed with respect to 1999, and therefore, sensitivity has been 
enhanced, although it remains being a severe limitation for LC × LC.  Recently, Stoll et al. 
(2015) studied the detection sensitivity effect specifically due to all the parameters that 
influence the transfer process between both dimensions that they called “interface conditions”. 
For this evaluation, authors tested four loop-based set-ups, including one set-up with flow-
splitting after 1D column plus make-up flow before the interface with loops of 80 µL volume, 
whereas the other three set-ups consisted on  flow-splitting systems with different loops 
volumes (40, 20 and 7 µL). It could be concluded that the volume and the solvent composition 
of the fraction injected in the 2D had a huge impact on the sensitivity. Hence, due to the 
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amount of sample injected as well as to the focusing effect produced, the use of make-up flows 
provided better sensitivity. 
In summary, a careful selection of the interface parameters and set-ups can lead to the 
detection of low-concentrated analytes (Stoll et al. 2015). 
 
1.3.7.3. On-line LC × LC data acquisition and data treatment. 
Data treatment is one of the most complex aspects of using LC × LC because, although the same 
detectors as 1DLC are used, working with 2D data is far from being as easy as 1D data.  
The way in which the LC × LC separation is performed in practice, together with the large 
amount of data produced during the analysis requires special data treatment. In principle, the 
detector coupled to the 2D column, registers and monitors each 2D individual analysis, 
producing a one dimensional linear chromatogram formed by numerous short 2D analyses. 
Once the LC × LC analysis is finished, the one-dimensional chromatogram has to be 
transformed into a two-dimensional image, usually by using dedicated software, that “cuts” 
each 2D analysis and place them side by side giving rise to a 2D plot where the x-axis 
represents the 1D separation while the y-axis the 2D. After that, a 3D image can be represented, 
where the third dimension is based on signal intensity. Figure 1.10 shows a scheme of the LC × 
LC acquisition data procedure. 
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Figure1.10. Data acquisition and elaboration procedure followed in a typical LC × LC analysis. Adapted from Carr 
and Stoll (2015), copyright 2015, Agilent Technologies, Inc. 
 
Unfortunately, until date, the available software (both home-made and commercial) do not 
provide with all the tools needed to obtain the whole 2D data information and they still present 
some limitations and difficulties: 
i. When two detectors are coupled in tandem, for instance a DAD coupled to MS, four 
sets of information are involved: the information provided by both detectors as 
intensity, as well as the information of the two retention times of each peak (the 
retention time in the 1D and in the 2D). Moreover, the acquisition of spectra (UV-Vis 
and/or MS, for instance) may increase even more the complexity of the collected 
information after just one analysis. The structure of the complex matrix of data can 
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only be performed by employing complex and sophisticated chemometric tools such as 
parallel factor analysis (PARAFAC), the generalized rank annihilation method (GRAM), 
or multivariate curve resolution-alternating least squares (MCR-ALS). Although, these 
models are powerful tools to analyze and visualize 2D data, there is no commercial 
software that applies these methods to 2D data. Therefore, usually, the information 
from each detector must be treated separately. 
ii. Moreover, the fact that each 1D peak is sampled 3-4 times means that its area in the 
linear chromatogram is divided in 3-4 2D peaks corresponding to the same 
compound, which hampers the quantification and the data treatment in LC × LC. 
iii. Statistical comparison of 2D chromatograms is not possible, since the software is not 
able to align and normalize the chromatograms, which in the most of the cases is 
critical because the high probability of slightly different retention times. 
Consequently, significant progress in the available 2D data treatment software in order to 
comply with these requirements is expected in the future. 
 
1.3.8. ON-LINE LC × LC APPLICATIONS IN FOOD ANALYSIS.  
The field of food analysis holds the fourth place amongst the LC × LC applications presented so 
far, behind protein and peptides analysis, pharmaceutical approaches and very close to 
polymer analysis, whereas environmental analysis stands in fifth place (Carr and Stoll 2015).  
The vast majority of the LC × LC food applications developed up to date are directed to the 
analysis of very complex food matrices. In most of them, sample preparation steps and/or 
pretreatments are minimized or even avoided, which is considered a great advantage for the 
chemical characterization of food samples, bearing in mind that the analysis of an intact 
sample allows to obtain its native chemical composition (Herrero et al. 2009). Numerous LC × 
LC food applications have been already reported, and can be classified as a function of the 
analyzed compounds. 
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1.3.8.1. LC × LC for the analysis of phospholipids. 
Phospholipids are amphiphilic molecules, since their chemical structure consists of a glycerol 
backbone which presents two fatty acids linked in positions sn-1 and sn-2 (non-polar “tails” of 
the molecule), while in sn-3 position a phosphate group is bound (polar “head” of the 
molecule). These molecules present a huge chemical variability as a result of the combination 
of different fatty acids that can present different lengths and degree of unsaturation, and on the 
other side, because the polar head (phosphate group) can be linked to other molecules. For 
example, inositol giving phospatidylinositol, serine producing phosphatidylserine or 
ethanolamine producing phosphatidylethanolamine.  
Phospholipids are present in foods like milk or eggs, and have important physiological 
functions in animals, such as structural and metabolic functions, as well as several functional 
activities like regulation of the inflammatory reactions, chemopreventive and 
chemotherapeutic activity on some types of cancer, and inhibition of cholesterol absorption. 
For these reasons, these components are considered important biomolecules for the health 
promotion (Contarini and Povolo 2013). As can be deduced of its complexity, the chemical 
characterization of this group of molecules is compromised by several difficulties. 
LC × LC analysis of phospholipids is usually carried out coupling a HILIC separation in the 1D 
and a RP separation in the 2D through stop-flow and heart-cutting methods (Dugo et al. 2013; 
Sun et al. 2015). This coupling is able to provide successful separations by phospholipid classes 
in the 1D-HILIC, whereas each individual species belonging to each phospholipid class are 
separated as function of their fatty acid chains in the 2D-RP. However, due to the complexity 
involved in phospholipid analysis, no on-line LC × LC methods have been presented so far.   
 
1.3.8.2. LC × LC for the analysis of triacylglycerols. 
Triacylglycerols (TAGs) structurally consist of a glycerol backbone, which is esterified with 
three medium or long-chain fatty acids. The different TAGs are represented by total carbon 
number, fatty acids lengths and positions, number of double bonds and the position and 
configuration related to each fatty acid (Mondello et al. 2011). Hence, the determination of 
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TAG composition in natural matrices can be challenging and complicated due to the diverse 
nature of these mixtures derived from the large number of compounds usually observed in the 
TAGs fraction (Dugo et al. 2006b). In this regard, 2DLC allows the separation of TAGs as a 
function of their different chemical characteristics and behavior in each dimension. 
The main stationary phases employed in 2DLC are non-aqueous reversed phase liquid 
chromatography (NARP-LC) and silver ion liquid chromatography (Ag+-LC). In Ag+-LC, TAGs 
are separated according to the number and the distribution of the double bonds of the fatty 
acids present in the TAG molecule. Under NARP-LC, TAGs elute according to their partition 
number, a parameter that involves the total carbon number of the three fatty acids and the 
number of double bonds. The complexity of these analytes as well as some mobile phase 
mismatches and on-column focusing problems make this on-line coupling a big challenge 
(Dugo et al. 2006a; Mondello et al. 2011). Besides, due to the mentioned difficulties several 
stop-flow methods have been applied for the chemical characterization of particularly difficult 
TAG mixtures (HolCapek et al. 2009; Beccaria et al. 2015). 
 
1.3.8.3. LC × LC for the analysis of phenolic compounds. 
Phenolic compounds are secondary metabolites widespread in plants. The growing interest in 
phenolic compounds is due to their potential role in the prevention of several diseases 
associated to oxidative stress, such as cancer, cardiovascular and neurodegenerative diseases 
(Tucker and Robards 2008). Within this group, flavonoids and non-flavonoids compounds are 
included. Among them, flavonoids are further divided in flavonols, flavones, isoflavones, 
flavanones, anthocyanins, flavanols, whereas non-flavonoids compounds are divided in 
phenolic acids, stilbenes and lignans. Usually, polyphenols occur in nature in very complex 
mixtures, composed by a variety of very closely related structures. Therefore, their chemical 
characterization requires separations with high resolving power. 
LC × LC has been widely employed for the analysis of food and beverage samples rich in 
phenolic compounds, such as vegetable and fruit extracts (Cacciola et al. 2011; Kalili et al. 
2013), beers and wines (Cacciola et al. 2007; Hájek et al. 2008; Donato et al. 2016).  RP × RP is 
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the most-frequently used coupling for their separation, although recently, HILIC × RP is 
gaining interest (Dugo et al. 2008a; Cacciola et al. 2017). In Table 1.3 the main HILIC × RP 
applications for the characterization of phenolic compounds in foodstuffs are summarized.  
  
Table 1.3. On-line HILIC × RP applications for the analysis phenolic compounds in food-related samples. 
Food or beverage First dimension Second dimension Interface Detection Reference 
Phenolic acids and 
flavonoids standards 
DioEDMA (170 × 0.53 
mm, monolithic column). 
F: adjusted to the 2D 
analysis time; 40 ºC. 
C18 (50 × 3.0, 2.6 µm)  
F: 2.5-3 mL/min 
› 10-port 2-position 
switching valve (10 
and 20 µL loops). 
› Modulation time: 
adjusted to the 2D 
analysis time. 
DAD  
 
Jandera et al. 2012 
Wine Amide (150 × 1 mm, 1.7 
µm) 
F: 1 µL/min 
C18 (50 × 2.1 mm, 1.3 µm). 
F: 0.86 mL/min; 60 ºC 
› 10-port 2-position 
switching valve (5 
µL loops) 
› Modulation time: 2 
min. 
ESI-QTOF-MS Willemse et al. 2015 
Phenolic acids and 
flavonoids standards 
BIGMA-MEDSA: 
160 × 0.53 mm, 
monolithic column. 
F: 3–5  µL/min 
C18 (50 × 3.0 mm, 2.6 µm) 
F: 3 mL/min; 50 ºC 
› 4-port duo valve 
(10 µL loops). 
› Modulation time: 
1.5 min. 
DAD Hájek et al. 2016 
Grape seeds Diol (250 × 1 mm, 5 μm) 
F: 25  µL/min 
C18 (50 × 4.6 mm, 2.6 µm). 
F: 1.5 mL/min; 50ºC 
› Post-column flow-
split. 
› 10-port 2-position 
switching valve (5 µL 
loops). 
› Modulation time: 2 
min. 
FD-ESI-QTOF-MS Kalili et al. 2013 
Phenolic acids and 
flavonoids standards 
BIGMA-MEDSA: 
210 × 0.53 mm, 
monolithic column. 
F: 2–3 µL/min;  
60 ºC 
C18 (30 × 3.0, 2.6 µm). 
F: 4.5 mL/min; 50 ºC 
› 10-port 2-position 
switching valve (10 
µL loops). 
› Modulation time: 1 
and 1.5 min. 
DAD Jandera et al. 2013 
  
Cocoa Diol (250 × 1 mm, 5 µm) 
F: 25 µL/min 
C18 (50 × 4.6 mm, 1.8 µm). 
F: 1.5 mL/min 
› Post-column flow-
split. 
› 10-port 2-position 
switching valve (5 µL 
loops). 
› Modulation time: 
2-3 min. 
DAD Kalili and De Villiers 
2013 
Rooibos Diol (250 × 1 mm, 5 µm). 
F: 25 µL/min 
C18 (50 × 4.6 mm, 1.8 µm). 
F: 1.2 mL/min 
› Post-column flow-
split. 
› 10-port 2-position 
switching valve (5 µL 
loops). 
› Modulation time: 2 
min. 
DAD Beelders et al. 2012 
PEG, polyethylene glycol; F, flow rate; FD, fluorescence detector 
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1.3.8.4. LC × LC for the analysis of carotenoids. 
Carotenoids are natural pigments synthesized by plants, algae and some microorganisms that 
are responsible for the yellow, orange and red typical colors of many fruits and vegetables. 
These compounds constitute an important source of natural colorants for the food industry. 
Moreover, carotenoids have been pointed out to possess several beneficial health effects, 
including potent antioxidant activity that could protect cells against oxidative damage and 
therefore, reduce the prevalence of some diseases;  furthermore, some of them have provitamin 
A activity (Shan 2016).  
The chemical structure of carotenoids is based on a polyterpenoid skeleton generally formed by 
the assembling of 8 isoprenoid units, giving rise to a long chain with conjugated double bonds 
(Rao and Rao 2007). Carotenoids can be classified in two groups: carotenes, consisting of a 
hydrocarbon chain without any additional functional groups (e.g., β-carotene), and, 
xanthophylls that present different oxygenated functional groups such as hydroxyl, keto, or 
epoxy groups (e.g., lutein and zeaxanthin). In addition, cyclations can occur in one or both 
ends of the molecule. Xanthophylls can be found in their free form or, most-commonly, in a 
more stable esterified form with one or two fatty acids (Fraser and Bramley 2004; Saini et al. 
2015; Petry and Mercadante 2016). As a result, a large number of chemical structures can 
arise, making LC × LC an analytical solution for carotenoids characterization in complex food 
samples.  
NP × RP is the preferred option for carotenoids analysis; under NP conditions, carotenoids are 
separated in groups in order of their polarities (from non-polar to polar carotenoids), whereas 
in RP mode, carotenoids elute according to their increasing hydrophobicity. In the case of 
carotenoid esters, these are retained according to their fatty acid chain length (Cacciola et al. 
2016a). The separation power of NP × RP for the analysis of carotenoids has been shown for 
several food sources, such as citrus essential oils (Dugo et al. 2006c) and juices (Dugo et al. 
2009), peppers (Cacciola et al. 2012), red mamey (Cacciola et al. 2016c), as well as for the 
characterization and evaluation of stability of carotenoids of overriped fruits such as banana, 
nectarine and  persimmon-apple (Cacciola et al. 2016b).  
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It is worth to mention that, traditionally, to simplify the analysis of carotenoids in foods and 
food-related products, a saponification step is carried out. This pretreatment allows releasing 
all the present carotenoids into their free forms. However, this procedure is well-known for 
producing some degradations and modifications in the native composition. For this reason, the 
direct analysis of the original carotenoid mixture is more interesting, in order to have a real 
picture of the native composition of these components. The  impressive separation power 
provided by LC × LC compared to one-dimensional chromatography has allowed the 
determination of the native carotenoid composition of different food samples, such as citrus 
(Dugo et al. 2008b; Dugo et al. 2008c; Dugo et al. 2009). In this regard, interestingly, the 
typical carotenoid composition acquired by LC × LC could be also related to the freshness 
degree of orange juices, as native epoxycarotenoid esters suffered rearrangements from 5,6- to 
5,8-epoxides with time, partially due to the natural acidity of the juices (Dugo et al. 2009). 
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Modern Food Analytical Chemistry was born in the 20th century with the emergence of 
separation techniques, such as gas chromatography and liquid chromatography, able to 
individually separate and determine the different food components. After that, the use of 
spectroscopic techniques hyphenated to those separation systems gained an essential role for 
the chemical characterization of complex food samples as well as for the identification of 
minor components contained in food. 
Nowadays, food analysis is involved in many researches carried out within the Food Science 
domain, including important topics such as food and health, food safety, food quality as well as 
traceability. The development of this field is also pushing to the generation of new advanced 
analytical tools and methods that are able to cope with the important challenges that Food 
Science is facing today. Among them, new methods able to provide with appropriate 
robustness, efficiency and sensitivity are constantly sought. 
In this regard, multidimensional techniques, and more specifically, comprehensive two-
dimensional liquid chromatography (LC × LC) may play a key role, since this technique is able 
to provide with impressive resolving power and, in addition, if coupled to MS, this tool is really 
interesting for the identification of unknown compounds, which may be very useful to meet 
the current Food Science needs. Although LC × LC is a well-established and mature analytical 
technique, the use of this technique both in food analysis as well as in other fields is not 
widespread, partially due to the instrumental requirements and the in-depth knowledge 
required to properly develop and apply new methods. Consequently, the development of new 
analytical methods directed towards the analysis of very complex food samples, usually not 
attainable by conventional one-dimensional LC, as well as the study of new advancements to 
improve the technical and practical implementation of this technique are of great interest at 
present. 
For this reason, this PhD Thesis is aimed to make a significant contribution to increase the 
available knowledge and to extend the use of LC × LC to unexplored complex food samples in 
order to achieve the characterization of potentially bioactive compounds, to  obtain complex 
2D profiles that could be used for geographical origin authentication of valuable natural 
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products, as well as to explore new strategies for the practical implementation of LC × LC in 
order to further increase its analytical performance.  
 
Therefore, the main objective of this PhD Thesis is: 
To develop novel on-line LC × LC methods for the chemical characterization of secondary 
metabolite profiles of complex natural food sources, taking advantage of the enhanced 
resolving power that this technique is able to provide for the identification of potentially 
bioactive compounds. 
In order to achieve this main objective, the following partial objectives have been established:  
i. To increase the analytical separation power for the chemical characterization of 
proanthocyanidins, together with other different polyphenols, from different natural 
sources, including grape seeds, apples, chokeberries and grapevine canes through the 
application of HILIC × RP methods. 
ii. To develop on-line LC × LC methods to reveal, for the first time, the native phlorotannin 
composition of the brown algae Cystoseira abies-marina and Sargassum muticum.  
iii. To establish a novel HILIC × RP methodology to characterize the triterpene saponin 
profile of licorice as well as its complex phenolic composition, in order to obtain typical 
secondary metabolite profiles that could be related to the geographical origin of 
different samples.  
iv. To improve the coupling between two orthogonal separation modes such as HILIC and 
RP in on-line LC × LC approaches by applying different focusing and non-focusing 
modulation strategies in order to increase resolving power, sensitivity as well as overall 
performance.  
To achieve this aims, the work plan followed in this Thesis is schematically represented bellow 
(Figure 2.1): 
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Firstly, in Chapter 3, the study of the chemical composition of proanthocyanidins in several 
food-related matrices is reported. To achieve this goal, the separation of proanthocyanidins 
under HILIC mode, its on-line comprehensive coupling to a RP separation mode, as well as the 
UV-Vis and MS/MS data obtained from the analyses were studied, in order to get a high 
separation and identification power. Four proanthocyanidin-rich food samples were studied 
and their proanthocyanidins composition was determined, together with the presence of other 
polyphenols, through the careful optimization of the different parameters that affect the LC × 
LC separation (Chapter 3, Sections 3.2, 3.3, 3.4 and 3.5). 
After that, the employment of on-line LC × LC for the separation of phlorotannins from brown 
algae is presented in Chapter 4. This Chapter describes the separation and identification of 
those phenolic compounds using LC × LC for the first time. To do that, the chemical structure 
of these complex molecules and their separation under HILIC × RP coupling were considered. 
Besides, data treatment of the UV-Vis spectra as well as their particular MS and MS/MS spectra 
was carried out for the identification of these interesting compounds (Chapter 4, Sections 4.2 
and 4.3).  
Finally, the optimization of a new HILIC × RP method for the study of the composition of 
triterpene saponins from licorice is presented in Chapter 5. The optimization of the separation 
of the triterpene saponins and other phenolic compounds contained in licorice was carried out 
attaining complex 2D secondary metabolites profiles. The chromatographic behavior of those 
components present in licorice in different HILIC- and RP-compatible stationary phases was 
studied, as well as their identification by combining the DAD, MS and MS/MS data acquired 
(Chapter 5, Section 5.2). These profiles were utilized to establish typical metabolite patterns 
depending on the geographical origin of 5 different samples. Moreover, this sample was 
employed as a model food sample to carry out an in-depth study about the influence of 
different types of modulation including focusing and non-focusing strategies on the overall 
performance of HILIC × RP methods. After this study, new separation conditions that allowed a 
significant increase on resolving power and sensitivity were attained (Chapter 5, Section 5.3). 
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CHAPTER 3.  
Chemical characterization of 
proanthocyanidins by  
HILIC × RP-DAD-MS/MS 
 
 
3.1. Characterization of grape seed procyanidins by comprehensive two-dimensional 
hydrophilic interaction × reversed phase liquid chromatography coupled to diode array 
detection and tandem mass spectrometry. 
3.2. Profiling of phenolic compounds from different apple varieties using comprehensive two-
dimensional liquid chromatography. 
3.3. Downstream valorization and comprehensive two-dimensional liquid chromatography-
based chemical characterization of bioactives from black chokeberries (Aronia melanocarpa) 
pomace. 
3.4. Profiling of Vitis vinifera L. canes (poly)phenolic compounds using comprehensive two-
dimensional liquid chromatography. 
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3.1. INTRODUCTION - PROANTHOCYANIDINS.  
Proanthocyanidins are the second most-abundant group of phenolic compounds after lignans 
(Gu et al. 2003). The widespread presence of proanthocyanidins in plants makes them an 
important part of the human diet; particularly, these components are common and abundant 
in fruits, legume seeds, nuts, cereal grains and in several beverages, such as tea, wine, beer or 
cider. Their typical astringent character is due to their ability to form complexes with salivary 
proteins; in fact, this characteristic property helps to easily recognize food sources rich in 
proanthocyanidins (Santos-Buelga and Scalbert 2000; Gu et al. 2003; Rasmussen et al. 2005). 
Besides astringency, proanthocyanidins are responsible of other food quality parameters such 
as bitterness, sourness, sweetness, aroma, and color (Jaganath and Crozier 2009). 
Several beneficial health effects have been attributed to proanthocyanidins including 
antioxidant, anticancer, cardioprotective, antimicrobial, antiviral, neuro-protective and anti-
inflammatory activities, among others (Cos et al. 2004; Jeong and Kong 2004; Aron and 
Kennedy 2008; Singh et al. 2011). These bioactivities are responsible for the interest that these 
compounds have recently raised as potential source for disease prevention through diet.  
 
3.1.1. CHEMICAL STRUCTURE OF PROANTHOCYANIDINS.  
Proanthocyanidins are oligomers and polymers that may reach high molecular weights, 
composed of flavan-3-ols, that present the typical C6-C3-C6 flavonoind skeleton. These units 
are mainly linked by C-C bonds (B type proanthocyanidins) or can also be doubly linked by an 
additional ether C-O-C bond (A type proanthocyanidins). The size of the proanthocyanidins is 
described by their degree of polymerization (DP). The DP composition naturally found widely 
varies among sources and even depending on the tissue zone of the plant. Generally, foods 
present proanthocyanidins with an average degree of polymerization ranging from 1 to 10, or 
greater than 10 (Aron and Kennedy 2008). 
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There are three common flavan-3-ol units that can be combined into proanthocyanidin 
structures: catechin and its isomer epicatechin, gallocatechin and its isomer epigallocatechin, 
and afzelechin and its isomer epiafzelechin (Figure 3.1A). Besides, these unis can be esterified 
with gallic acid, giving rise to 3-O-galloylated units. The proanthocyanidins that are uniquely 
constituted by (epi)catechin are termed procyanidins, and are the most extended 
proanthocyanidin group in food sources. On the other hand, those conformed by 
(epi)gallocatechin and (epi)afzelechin are named prodelphinidins and propelargonidins, 
respectively. These two groups are more heterogeneous and commonly appear in foods 
coexisting with procyanidins. Figure 3.1 shows the basic chemical structure of the three 
proanthocyanin types and some polymers examples.  
 
3.1.2. CHEMICAL CHARACTERIZATION OF PROANTHOCYANIDINS. 
The characterization of proanthocyanidins is a very challenging task due to the exponential 
increase of number of different but closely related compounds considering the DP, the specific 
composition in flavan-3-ols units and their isomeric forms, as well as the different degree of 
galloylation (Hümmer and Schreier 2008).  
Regarding to chromatographic separation, proanthocyanidins from food plants have 
traditionally been analyzed by different one-dimensional liquid chromatography separation 
modes, namely RP, counter current chromatography (CCC), SEC or NP.  
Under RP mode, the different isomers of dimers and trimers of proanthocyanidins can be 
separated, but this separation is not carried out in order of increasing DP and it is limited to 
small oligomers (DP < 4). High DP structures are not separated and commonly elute as a wide 
unresolved hump (Rzeppa et al. 2011) at the end of the analysis. 
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Figure 3.1. A) Chemical structure of the main types of proanthocyanidins found in foods. B) Procyanidin trimer, 
formed only by (epi)catechin units. C) Prodelphinidin tetramer formed by three (epi)catechin units and one 
(epi)gallocatechin unit. D) (epi)gallocatechin gallate unit. E) Prodelphinidin trimer digallate formed by one 
(epi)catechin unit and two (epi)gallocatechin gallate units.  
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On the other hand, CCC, SEC and NP allow the separation of proanthocyanidins in agreement 
to their DP (CCC and NP in increasing order of DP, while SEC separates proanthocyanidins in 
decreasing order of DP). However, the separation efficiency of CCC and SEC is lower than NP 
(Yanagida et al. 2003). NP provides high efficiencies for the separation of proanthocyanidins 
from monomers to oligomers and small polymers up to DP = 10. However, under NP mode, the 
separation of different isomers containing the same DP is not possible. Moreover, when 
polymers with DP > 10 are present in the sample, the very complex composition makes 
impossible their separation under NP conditions and, hence, coelute in a large peak at the end 
of the chromatogram. Usually, silica bonded stationary phases have been employed for the NP 
separation of proanthocyanidins from apple, grape, berries and cocoa, using dicloromethane-
methanol as mobile phase (Gu et al. 2002a; Counet et al. 2004; Hellstro and Mattila 2008). The 
use of those mobile phases also implies negative connotations, since the use of chloride solvents 
presents important hazards for the analyst, the environment and increases disposal costs.  
In this sense, HILIC entails significant improvements for the analysis of proanthocyanidins as 
an alternative to NP. Under HILIC mode, proanthocyanidins are basically separated like in NP, 
that is, in increasing DP order, due to the interactions of the proanthocyanidins with polar 
stationary phases. However, this mode presents a huge advantage over NP in the replacement 
of toxic organic solvents by acidified aqueous acetonitrile and methanol mobile phases. In 
particular diol-bonded particles have shown very good capability in terms of resolution 
allowing the separation of proanthocyanidins with a DP up to 10 employing more 
environmentally favorable solvents (Kelm et al. 2006; Robbins et al. 2009).  
In any case, as it can be deduced from the above-explained, there is not a universal one-
dimensional HPLC method for the appropriate separation of very complex mixtures of 
proanthocyanidins, as those found in food and food-related matrices. In summary, it can be 
affirmed that one-dimensional HPLC cannot provide with the enough resolution for the direct 
analysis and characterization of proanthocyanidins-rich foods.  
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3.1.3. DETECTION OF PROANTHOCYANIDINS. 
Different detection methods can be used during the HPLC analysis of proanthocyanidins. 
Fluorescence detection has been employed in different applications (Wallace and Giusti 2010; 
Rodríguez-Mateos et al. 2011; Verardo et al. 2015). This detection provides a very high 
sensitivity for the determination of proanthocyanidins. However, DAD also offers good 
sensitivities monitoring the separation at 280 nm; this fact together with the possibility of 
registering UV-Vis spectra are responsible for the widespread use of DAD for the analysis of 
these compounds (Guerrero et al. 2009; Liu and White 2012; Zhang et al. 2017). However, 
none of both types of detection methods are able to provide enough information for the precise 
identification of oligomers and polymers, considering that these molecules are based on the 
links of very related monomers with similar UV-Vis spectra (Hümmer and Schreier 2008). 
Hence, the hyphenation with MS is essential for the characterization of the proanthocyanidin 
composition of food matrices.  
The MS analysis of proanthocyanidins is usually carried out using ESI as ionization technique, 
working under negative ionization mode. Several MS analyzers have been employed coupled to 
HPLC for the identification of these complex compounds such as triple quadrupole (Hosseinian 
et al. 2007; Weber et al. 2007; Ortega et al. 2008), ion trap (Määttä-Riihinen et al. 2005; 
González-Manzano et al. 2006), TOF (Pongsuwan et al. 2008), or Orbitrap (Piccinelli et al. 
2016). Thanks to the use of MS, the information needed for the identification of the type of 
proanthocyanidin (procyanidin, prodelphinidin or propelargonidin) as well as for the 
elucidation of the DP and degree of galloylation can be obtained, mostly if tandem MS 
experiments are carried out. However, the identification by MS also presents difficulties, even 
when HRMS is employed. This is due to the fact that the proanthocyanidins with the same DP 
and flavan-3-ol composition have the same molecular weight and the same MS/MS 
fragmentation patterns, and hence, the identification of the exact isomer composition of the 
molecule is not possible (Valls et al. 2009). Comparison with retention times of commercial 
standards, when available, is essential for the unequivocal identification. 
MALDI-TOF-MS has been also used for the characterization of proanthocyanidins as a stand-
alone technique, without any previous chromatographic separation step (Monagas et al. 2010).  
C h a p t e r  3 .  P r o a n t h o c y a n i d i n s   
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3.1.4. MDLC FOR THE CHEMICAL CHARACTERIZATION OF PROANTHOCYANIDINS. 
As a possible solution for the lack of resolving power experienced by one-dimensional HPLC 
separation methods, the use of different MDLC procedures have been explored in order to 
produce significant gains in separation power. Proanthocyanidins from different food sources 
have been analyzed by 2DLC, such as cocoa, apples and red grape seeds (Kalili and de Villiers 
2009; Kalili and De Villiers 2013; Kalili et al. 2013). The proanthocyanidins present in these 
three samples consist of polymers of (epi)catechin units, that is, procyanidin-rich samples, and 
only grape seeds presented galloylated procyanidins. For the comprehensive two-dimensional 
LC analysis of procyanidins, the use of HILIC × RP coupling has been proposed  under different 
modes, namely, off-line, stop-flow and on-line. The comparison between the three modes for 
the separation of cocoa procyanidins (Kalili and De Villiers 2013) showed that off-line and 
stop-flow modes provided very high peak capacity values (1959 and 1528, respectively), but at 
the cost of very long and non-practical analysis times (13.3 h). The on-line mode provided a 
peak capacity value of 591 in 1.7 h, meaning a peak production rate of 4.56 peaks min-1, 
which is a more appropriate performance. The on-line HILIC × RP method applied for the 
characterization of grape seed procyanidins allowed the separation of completely resolved 
peaks of procyanidins up to DP = 7 in 100 min. These works confirmed the utility of LC × LC 
for the separation of complex polymers such as proanthocyanidins.  
Following this idea, the development of different on-line LC × LC methods directed towards the 
chemical characterization of proanthocyanidins in different complex food samples was carried 
out during this PhD Thesis. The following sections describe the developed applications for the 
analysis and characterization of procyanidins in grape seeds (Section 3.2) and apples (Section 
3.3). Moreover, samples of increasing complexity were also targeted involving, in addition, the 
presence of other phenolic compounds. Thus, the development of a new LC × LC method for the 
secondary metabolite profiling of chokeberry is described in Section 3.4, comprising the 
simultaneous separation and identification of proanthocyanidins, anthocyanins, flavonoids and 
phenolic acids, whereas the complete composition on proanthocyanidins and stilbenoids of 
grapevine canes is presented in Section 3.5.  
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Abstract In this work, the development and optimization of
a new methodology to analyze grape seed procyanidins
based on the application of two-dimensional comprehensive
LC is presented. This two-dimensional method involves the
use of a microbore column containing a diol stationary
phase in the first dimension coupled to either a C18 partially
porous short column or a C18 monolithic column in the
second dimension. The orthogonal hydrophilic interac-
tion×reversed phase liquid chromatography (HILIC×RP-
LC) system is interfaced through a ten-port two-position
switching valve. The optimized HILIC×RP-LC separation
followed by diode array and tandem mass spectrometry
detection (HILIC×RP-LC-DAD-MS/MS) made possible
the direct analysis of a complex grape seed extract and
allowed the tentative identification of 43 flavan-3-ols, in-
cluding monomers and procyanidin oligomers till a poly-
merization degree of 7 units with different galloylation
degrees. To the best of our knowledge, this is the first time
that this powerful analytical technique is employed to charac-
terize complex procyanidin samples. This work successfully
demonstrates the great capabilities of the HILIC×RP-LC-
DAD-MS/MS coupling for the direct analysis of very com-
plex natural samples like grape seeds.
Keywords Flavan-3-ols .Grapeseedprocyanidins .HILIC .
LC×LC .Mass spectrometry . Procyanidins .
Two-dimensional comprehensive LC
Introduction
Flavan-3-ol polymers, more frequently known as proantho-
cyanidins or condensed tannins, are a complex group of
phenolic compounds widely distributed in the plant king-
dom and the second most abundant group of natural plant
phenolic compounds after lignin [1]. This wide group of
compounds is divided into different smaller categories
depending on the monomers included in their composition
[2]. The main group belongs to procyanidins, which are
basically composed by catechin and epicatechin units,
which are the largest class of proanthocyanidins [3]. Be-
sides, monomeric forms esterified with gallic acid are also
found in nature, such as catechin, epicatechin, gallocatechin,
and epigallocatechin gallates. This fact makes even more
complex the number of possible combinations for the dif-
ferent proanthocyanidins forms, increasing considerably the
chemical diversity of these components and, therefore, the
complexity of their analysis. Procyanidins are among the
most common phenolic compounds in grapes, which can be
found both in skins and seeds [4]. In fact, grape seeds are an
important natural source of these components, although they
exist in other important food sources, such as cocoa, apples,
peanuts, or berries [5]. Vitis vinifera grape seed procyanidins
Published in the topical collection Nutraceuticals and Separations with
guest editor Luigi Mondello.
L. Montero :M. Herrero (*) : E. Ibáñez :A. Cifuentes
Laboratory of Foodomics, Institute of Food Science Research
(CIAL, CSIC-UAM), Nicolás Cabrera 9, Campus Cantoblanco,
28049 Madrid, Spain
e-mail: m.herrero@csic.es
M. Prodanov
Department of Production and Characterization of Novel Foods,
Institute of Food Science Research (CIAL, CSIC-UAM), Nicolás
Cabrera 9, Campus Cantoblanco, 28049 Madrid, Spain
Anal Bioanal Chem (2013) 405:4627–4638
DOI 10.1007/s00216-012-6567-5
are particularly interesting because of their unlimited structural
diversity based on the combination of only three elemental
units, i.e., catechin, epicatechin, and epigallocatechin (Fig 1).
This is due to the stereochemistry of the asymmetric carbons
C2 and C3 of the flavan skeleton, the type of interflavan bond
(C4-C8 and C4-C6, B-type procyanidins), the length of the
polymer chain (degree of polymerization), the degree of gal-
loylation, and the position of the gallic acid ester [6].
Grape procyanidins have a critical importance in wine-
making as these compounds have been demonstrated to
have a great contribution to the astringency of wines as well
as to other organoleptic properties, such as improving color
stability of red wines [7]. Besides, it has been suggested that
the galloylation degree of the contained procyanidins could
increase wine coarseness [8]. Nevertheless, the increasing
interest on this class of compounds nowadays is mainly due
to their important functional and bioactive activities, such as
antioxidant, antibacterial [9], anti-inflammatory [10], or
anti-cancer [11] effects. These important technological and
biological properties have raised interest in developing new
methods to analyze these compounds.
However, due to their huge chemical complexity and diver-
sity, the analysis of procyanidins is very difficult and typically
requires the use of a purification step before chromatographic
separation followed by mass spectrometry (MS) to identify the
multiple compounds present. Different strategies have been
explored for their separation, being the most commonly ap-
plied reversed phase high-performance liquid chromatography
(RP-LC). In this case, mainly C18 columns are employed,
although the complete resolution of all the possible compo-
nents present on this type of complex profiles is quite difficult
to achieve, even using very lengthy gradient elutions (from 60
to 120 min) [12,13]. Besides, the elution order does not corre-
spond to their polymerization degree [5]. Although this RP-LC
mode could be well suited for monomers and oligomers, the
separation of procyanidins with a degree of polymerization
(DP) higher than 4 is usually not possible. In general, polymers
with higher DP cannot be separated and coelute in a large
unresolved peak. In order to partially solve this problem, other
separation modes, such as normal phase LC, have been also
employed. In this case, procyanidins can be separated accord-
ing to their polymerization degree [5]. This approach has been
also followed to separate procyanidins from grapes [14],
among other food samples [15]. The NP approach has been
shown to be useful to separate up to DP 10, for instance, to
analyze procyanidins from cocoa and chocolate products
[16,17] or different berries [18,19]. However, when the sample
is more complex, as grape seeds, it is not possible to have
proper resolution between peaks, due to the huge number of
isomers and because the degree of galloylation of the polymers
varies. Besides, all the compounds which present the same DP
coelute. As an evolution of these latter methods, hydrophilic
interaction LC (HILIC) has been also employed in order to
overcome the problems related to the solvents needed in NP.
HILIC acceptance is increasing in the last years because it
enables to achieve separation similar to those obtained in NP
using solvents compatible with RP [20]. The use of water in
the mobile phase allows the formation of a water-enriched
layer partially immobilized on the polar stationary phase.
Subsequently, the separation is achieved, mainly, by partition-
ing between the organic-rich mobile phase and the water-
enriched layer, although other interactions might also occur
[21]. However, despite the development of different methods
based on the use of these separation methods, the complete
analysis of procyanidins still remains unresolved.
To avoid the lack of resolution provided by the men-
tioned monodimensional separation strategies, bidimen-
sional approaches might be utilized. Comprehensive two-
dimensional LC (LC×LC) is characterized by an enhanced
resolving power, which can be very useful for the analysis of
complex samples [22]. This technique has been already ap-
plied for the separation and characterization of different food-
related complex matrices [23,24]. In LC×LC, the sample is
subjected to two independent separation processes, so that
different fractions from the first dimension are continuously
transferred to the second dimension for further separation.
This approach is far from being straightforward because mul-
tiple parameters have to be optimized [25–27]. For instance,
very fast analyses are needed in the second dimension to be
able to handle all the fractions coming from the first one, and
consequently, very high flow rates should be employed. In
order to keep the system backpressure under attainable con-
ditions, two types of columns are typically employed in the
second dimension in comprehensive two-dimensional LC
systems: monolithic columns and partially porous columns.
Monolithic columns are formed by a porous continuous gel
with a porosity typically 15 % higher than a conventional
packed columns. On the other hand, partially porous columns
are packed with particles with 2.7 μm of diameter containing a
solid core of 1.7 μm and a superficial porous section of
0.5 μm. These particles provide a decrease on analyte diffu-
sivity into the column compared to conventional fully porous
particles, allowing higher mass transfer rates and higher flow
rates without compromising the column efficiency and gener-
ating significantly less backpressure. Two-dimensional LC in
off-line mode has already been applied to the separation of
procyanidins from apple and cocoa [28]. In that work, a first
dimension HILIC separation was coupled to a RP-based sep-
aration in the second dimension. However, in the mentioned
work, fractions eluting from the first dimension were collected
and, later on, injected in a second dimension making the
procedure lengthy and laborious.
The aim of the present work is to develop a new LC×LC
method to automatically analyze grape seed procyanidins
without any previous pretreatment. To do that, the perfor-
mance of different HILIC and RP columns is tested and
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compared in both dimensions, and all the parameters in-
volved in this challenging coupling closely studied. By
using this novel LC×LC-DAD-MS/MS approach, it is pos-
sible to separate and identify 46 different phenolic com-
pounds, mostly, grape seed procyanidins, in a single
chromatographic run.
Experimental
Samples and chemicals
Grape seeds (V. vinifera L., cv. Malvar) were from the El
Encín plantation (IMIDRA, Madrid, Spain). All the solvents
employed (acetonitrile, methanol, and 2-propanol) were of
HPLC-grade and acquired from Lab-Scan (Dublin, Ireland).
Formic acid was supplied by Sigma-Aldrich (Madrid,
Spain), whereas acetic acid was purchased from Scharlab
(Barcelona, Spain). Water employed was Milli-Q grade
obtained from a Millipore system (Billerica, MA). (+)-Cat-
echin, (−)-epicatechin, ethyl gallate, and procyanidin B1
reference samples were acquired from Extrasynthèse
(Genay, France) and gallic acid from Scharlab (Barcelona,
Spain).
Sample preparation
A fast and simple extraction protocol was followed for the
extraction of proanthocyanidins from grape seeds [29]:
briefly, 80 g of finely ground grape seeds was weighted
and added to 90 mL of extraction solvent (methanol/water
80:20, v/v). The solution was sonicated for 15 min. After-
wards, the solution was left to stand protected from light for
2 h, and then, it was again sonicated for 15 min. The extract
was centrifuged at 8,000 rpm for 20 min. The supernatant
was recovered and filtered through 0.45-μm nylon syringe
filters (Symta, Madrid, Spain). Lastly, after evaporation of
methanol in a Rotavapor R-210 (Buchi Labortechnik AG,
Flawil, Switzerland), the extract was lyophilized using a
freeze-dryer (Labconco Corporation, MO). The extraction
yield obtained after extraction was 2.75 % (dry weight
basis).
For the LC×LC analysis of procyanidins, a 50-mg/mL
solution of the dried extract was prepared in methanol and
filtered (0.45 μm). Then, 300 μL of this solution was added
to 700 μL ACN to obtain a 15-mg/ml solution which was
filtered again (0.20 μm, Symta) and finally injected.
LC×LC instrumentation
Comprehensive two-dimensional LC analyses were carried
out on an Agilent 1200 series liquid chromatograph (Agilent
Technologies, Santa Clara, CA) equipped with a diode array
detector and an autosampler. In order to have robust and
reproducible low flow rates and gradients in the first dimen-
sion, a Protecol flow splitter (SGE Analytical Science, Milton
Keynes, UK) was placed between the first dimension pumps
and the autosampler. Besides, an additional LC pump (Agilent
1290 Infinity) was coupled to this instrument to perform
the second dimension separation through an electronic con-
trolled two-position ten-port switching valve. In addition,
an Agilent 6320 Ion Trap mass spectrometer equipped with
Fig. 1 Chemical structure of
the main flavan-3-ols forming
part of grape seed procyanidins
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an electrospray interface was coupled on-line and operated
in negative ionization mode using the following conditions:
dry temperature, 350 °C; mass range, m/z 90–2,200 Da; dry
gas flow rate, 12 L/min; and nebulization pressure, 40 psi.
The LC data were elaborated and visualized in two and
three dimensions using LC Image software (version 1.0,
Zoex Corp., Houston, TX).
LC×LC separation conditions
Different columns and conditions were tested for the opti-
mization of the HILIC×RP separation of grape seed pro-
cyanidins. In the first dimension, a Syncronis HILIC column
(250×2.1 mm, 5 μm d.p., Thermo Scientific, Waltham,
MA) and a Lichrospher diol-5 (150×1.0 mm, 5 μm d.p.,
HiChrom, Reading, UK) column were tested. Under the
optimum conditions, the diol column with a precolumn with
the same stationary phase was employed using 15 μl/min as
flow rate. The mobile phases employed were (A) acetoni-
trile/acetic acid (98:2, v/v) and (B) methanol/water/acetic
acid (95:3:2, v/v/v) eluted according to the following gradi-
ent: 0 min, 0 % B; 5 min 20 % B; 10 min, 30 % B; 30 min,
50 % B; 40 min, 50 % B; 50 min, 80 % B; 75 min, 100 % B;
85 min, 100 % B. The injection volume was 20 μl.
In the second dimension separation, two different columns
were tested. The optimum separation conditions were opti-
mized separately. In first place, a partially porous column
Ascentis Express C18 (50×4.6 mm, 2.7 μm d.p., Supelco,
Bellefonte, CA) was employed. During the whole LC×LC
separation, 1.3-min repetitive second dimension gradients
were employed, being also 1.3 min the modulation time
programmed in the switching valve.Water (0.1% formic acid,
A) and acetonitrile/methanol (50:50, v/v, B) were the mobile
phases, using a repetitive gradient consisting of: 0 min, 0 % B;
0.1 min, 15 % B; 0.3 min, 25 % B; 1 min, 45 % B; 1.01 min,
0 % B. The flow rate was 3 mL/min.
The second column tested in the second dimension was a
C18 monolithic column (100×4.6 mm, Onyx C18, Phenom-
enex, Torrance, CA), and it was also eluted using 1.3-min
repetitive gradients. Two different gradient profiles were
employed throughout the analysis. During the first 52 min,
the mobile phase employed consisted of water (0.1 % formic
acid, A) and methanol (B) eluted according to the following
gradient: 0 min, 0 % B; 0.1 min, 15 % B; 0.3 min, 25 % B;
1.0 min, 45 % B; 1.01 min, 0 % B. From minute 52 till the
end of the analysis, the mobile phase composition was
changed to water (0.1 % formic acid, A) and acetonitrile/
methanol (B) using the following program: 0 min, 0 % B;
0.1 min, 15 % B; 0.3 min, 25 % B; 0.8 min, 45 % B;
0.9 min, 90 % B; 1.0 min, 0 % B. In this case, the flow rate
was 4 mL/min.
In all cases, 280 nm was the wavelength used to monitor
the separations, although UV–vis spectra were collected
from 190–550 nm using a sampling rate of 20 Hz in the
diode array detector. The MS was operated under negative
ESI mode. The flow eluting from the second dimension
column was splitted before the MS instrument, introducing
approximately 600 μL/min into the MS detector.
Results and discussion
The coupling of a HILIC column in the first dimension to a
RP-LC column in the second dimension to separate grape
procyanidins by LC×LC is, theoretically, a promising alter-
native. However, this coupling is far from being straightfor-
ward due to numerous technical difficulties that arise during
the method development [30]. For this reason, an initial
individual optimization of the two intended dimensions
was carried out. Once the preliminary conditions were in-
dependently obtained for both columns, their coupling was
set up and fine-tuned, as well as the electrospray conditions
prior to MS analysis. Data from DAD and MS were com-
bined to chemically characterize the grape seed sample
studied.
Optimization of the first dimension separation
To achieve a proper LC×LC separation of procyanidins, it
was decided to employ a HILIC column in the first dimen-
sion in order to obtain a first distribution of the grape seed
components according to their increasing DP. This novel
approach would allow the coupling to a RP-based second
dimension avoiding problems related to solvent immiscibil-
ity. Nevertheless, as in every comprehensive multidimen-
sional system, some requirements should be met in order to
have a good coupling depending on the chosen configura-
tion. One of the most successful multidimensional
approaches is to use a switching valve as interface between
dimensions equipped with two identical sample loops to
transfer the fractions collected from the first dimension to
the second dimension [24]. This setup was chosen in this
work. In this kind of systems, the first dimension separation
has to be carried out at very low flow rates so that enough
time is allowed to fill one of the loops while the fraction
previously collected in the other loop is being analyzed in a
fast second dimension. For this reason, the optimization of
the first dimension separation implies great difficulties,
mainly related to the proper distribution of wide peaks
throughout the chromatogram and the effective translation
of the gradient program to the column at those very low
flow rates. In this sense, obviously, the nature of the column
employed is of great importance as it will influence how the
components of the sample will interact with the whole
chromatography system during the analysis. To achieve
the separation of the procyanidins present in the grape seed
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sample studied, two different columns were tested from the
wide group of stationary phases available to carry out HILIC
separations [31], a silica column and a bonded diol column.
Different mobile phases and elution gradients were studied,
always keeping a small proportion of water during the
separation. In any case, the retention obtained in the silica
column was stronger making very difficult the correct sep-
aration of the procyanidins under the desired conditions.
The diol column offered better capabilities in this applica-
tion, allowing a better separation and distribution of the
different procyanidin oligomers during the first dimension
analysis. The particular conditions were optimized by
changing the mobile phases employed as well as the gra-
dients and flow rates and also studying the influence of the
sample solvent. This factor was shown to have a critical
importance on the separation. In fact, at the beginning of the
optimization, the sample was injected dissolved in metha-
nol, which is a good solvent to dissolve the procyanidins’
oligomers and polymers. However, considering the narrow
dimensions of the column employed (150×1.0 mm), the
introduction of the sample in methanol, with higher eluo-
tropic power than the acetonitrile-rich initial mobile phase
(under HILIC conditions), prevented the separation as the
components of the sample did not have enough time to
interact with the stationary phase and eluted practically
unretained. For this reason, the sample was firstly prepared
more concentrated in methanol and then diluted in acetoni-
trile (to maintain the same concentration). This change
modified completely the behavior of the chromatographic
process allowing the separation of the different components.
In Fig 2, a typical first dimension chromatogram obtained
under optimum conditions is shown. As it can be observed,
flavan-3-ols were grouped and distributed along the analysis
according to their different DP, as it was expected. In fact,
this behavior has been previously observed in other appli-
cations in which this type of stationary phase was used just
in one dimension [1,17,19].The flow rate employed was
15 μl/min. This flow rate was selected as it was low enough
to permit the transfer of a relatively low volume of the first
dimension eluate to the second dimension separation.
Optimization of the second dimension separation
The second dimension separation conditions should allow the
fast separation of the components present on each fraction of
the first dimension transferred. The length of the second
dimension analysis directly influences the volume being trans-
ferred in each fraction as each first dimension fraction cannot
be transferred until the second dimension analysis is not
finished and the second dimension column is prepared. For
this reason, 20 μl was the fraction volume targeted from the
beginning of the second dimension optimization, to keep a
reasonable injection volume in these analyses. This fact is
interesting because even if the solvents employed in both
dimensions of a HILIC×RP coupling are compatible, the
strength of the solvents relative to the two different stationary
phases brings about an important problem. Indeed, the stron-
ger solvent in the first dimension will be the weaker one in the
second dimension and vice versa. Considering the flow rate
employed in the first dimension (15 μl/min), ca. 1.3 min was
available for the separation and re-equilibration of the second
dimension column after injecting the mentioned 20 μl from
the first dimension. Thus, very fast analyses are needed, and
consequently, very high flow rates should be employed. In
order to keep the system backpressure under attainable con-
ditions, two types of columns have been mainly employed in
the second dimension in comprehensive LC systems:
monolithic columns and partially porous columns. In this
work, both types of columns with C18 stationary phases
were studied carrying out a preliminary optimization of
the separation conditions for each column injecting 20 μl
of the whole sample. Different mobile phases (acetonitrile,
methanol, acetonitrile/methanol 80:20, v/v, and acetonitrile/
2-propanol 80:20, v/v), flow rates (2–4 ml/min), gradients,
and temperatures (30–55 °C) were tested. According to the
obtained results, mobile phases composed by (A) water
(0.1 % formic acid) and (B) acetonitrile/methanol eluted at
3 ml/min were selected for the partially porous column,
whereas (A) water (0.1 % formic acid) and (B) methanol
eluted at 4 ml/min were chosen for the monolithic column.
The gradients employed are described in the “Experimental”
section. The separation temperature did not influence signifi-
cantly the separation, and only slight decreases on the system
backpressure were observed. For this reason, 30 °C was
selected as the separation temperature. At the optimum anal-
ysis conditions, the backpressures observed were under the
instrument working interval, ranging from 150 to 320 bar for
the monolithic and partially porous columns, respectively.
Using both sets of conditions, it was possible to accomplish
the second dimension separation in 1.3 min, including the
time for column reconditioning. Therefore, this time could be
selected as modulation time. To this time corresponds the
transfer of a volume of 19.5 μl of eluate from the first dimen-
sion. In this regard, it is important to note that although the
sample solvent has great importance on the analysis obtained
in the second dimension, as it can be observed in Fig 3a, in
LC×LC the second dimension injection solvent cannot be
selected as it is imposed by the fractions eluting from the first
dimension. Consequently, in the present HILIC×RP approach,
19.5 μl of a strong solvent is injected in the second dimension,
which deteriorates the separation obtained. To partially solve
this problem, the use of loops in the switching valve with
different internal diameter was studied. The idea was to take
advantage of the miscibility of the solvents employed in HILIC
and RP modes to dissolve the first dimension fraction in the
second dimension mobile phase in order to avoid the problems
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generated by solvent incompatibility. As it is shown in Fig 3b,
loops with internal volumes of 20, 30, and 50 μl were tested. It
was observed that by using a 30-μl loop, the separation was
significantly improved, and at the same time, the volume of
injection in the second dimension was kept as low as possible.
Overall HILIC×RPLC-DAD-MS optimization
Under the conditions optimized for each dimension, the
negative effect of the differential HILIC and RP solvent
strength was successfully solved. Thus, HILIC×RP-LC
separations of grape seed procyanidins were carried out
using the best conditions for the combinations diol×partial-
ly porous columns and diol×monolithic columns. In both
cases, the modulation time was 1.3 min corresponding, as
mentioned, to 19.5 μl of first dimension eluate being trans-
ferred each time and diluted in the second dimension mobile
phase up to 30 μl that corresponds to the internal volume of
the loop installed on the switching valve. As it can be
observed in Figs. 4 and 5, good separations of most of the
compounds included in this complex sample were attained.
In order to try to improve the separation and ionization yield
Fig. 2 HILIC chromatogram (280 nm) of a grape seed procyanidins’ extract obtained under the optimum first dimension separation conditions using a
microbore column (diol stationary phase, 150×1.0 mm, 5 μm). DP degree of polymerization
Fig. 3 a Effect of the sample
solvent on a 2D separation
using the partially porous
column, and b effect of the use
of loops with different internal
volume installed in the
switching valve maintaining
19.5 μl as first dimension
transfer volume
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in the electrospray of the studied compounds (mainly focus-
ing on those eluting at the end of the first dimension
separation, i.e., procyanidins with higher DP), different gra-
dients and mobile phases were tested. In the case of the
Fig. 4 Two-dimensional HILIC×RP plot (280 nm) of the separation
of grape seed procyanidins using a monolithic column in the second
dimension. Scheme of the gradients employed during the analysis in
both dimensions. D1, (A) acetonitrile/acetic acid (98:2, v/v) and (B)
methanol/water/acetic acid (95:3:2, v/v/v); D2 purple line, (A) water
(0.1 % formic acid) and (B) methanol; D2 red line, (A) water (0.1 %
formic acid) and (B) acetonitrile/methanol (50:50, v/v)
Fig. 5 Two-dimensional HILIC×RP plot (280 nm) of grape seed procyanidins separated using a partially porous column in the second dimension.
For peak identification, see Table 1
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partially porous column, no significant improvement was
observed when the gradient was modified from minute 52.
On the other hand, a slight improvement was attained for the
monolithic column changing the composition of the mobile
phases in this last part of the analysis, above all, regarding
the ionization of these components. Thus, after this optimi-
zation, when using the monolithic column in the second
dimension, water (0.1 % formic acid) and methanol were
employed as mobile phases during the first 52 min, while
water (0.1 % formic acid) and acetonitrile/methanol were
used for the rest of the analysis. Besides, the gradient was
also slightly modified, as can be observed in Fig. 4.
Concerning the MS detection of these components, neg-
ative ESI ionization was employed as this mode is widely
considered as the most suitable to obtain a high response for
flavan-3-ols [5]. The particular ionization parameters, name-
ly, dry temperature, dry gas flow rate, and nebulization
pressure, were adapted to the second dimension flow rate
splitted and introduced into the MS.
It is important to note that the procyanidin polymers with
higher DP were not completely resolved. In this sense,
although those polymers were eluted at the end of the first
dimension analysis, the extremely fast second dimension
analyses needed to perform LC×LC did not provide the
conditions required to have these compounds properly sep-
arated. Nevertheless, it has to be also remarked that procya-
nidin polymers with DP>4 have not been fully resolved by
monodimensional RP [32]. On the other hand, compared to
NP procyanidin separations, polymers up to DP 10 could be
separated using similar analysis times, although no separa-
tion and identification of the compounds possessing the
same DP could be obtained using that approach [17]. In-
stead, compounds are just grouped by DP. Thus, the appli-
cation of the methodology developed in this work implies a
clear and significant improvement over the previously pub-
lished analytical methods either based on the application of
NP or RP.
To proceed with the exhaustive characterization of the
natural food sample, the use of the partially porous column
in the second dimension was selected as this set of columns
allowed using less amount of solvents compared to the set of
columns including the monolithic column. Using the opti-
mized method, the peak capacity of the system was studied
according to Neue [33]:
nc ¼ 1þ tg1=nð ÞPn1 w
where, n is the number of components employed to make the
calculations, tg is the gradient time, and w is the average peak
width. Theoretical peak capacity of the separation, assuming
that the total peak capacity of the two-dimensional system,
nc2D, will be the product of the two independent peak
capacities values (nc2D0
1nc×
2nc), is 1,435, considering that
1nc041 and
2nc035. As usual, this value assumes that the
entire two-dimensional plane might be occupied by peaks,
which is not really the case. For this reason, other approaches
have been developed to obtain more realistic peak capacity
values. Following the equation developed by Li et al. [34], a
value of effective peak capacity equal to 875 is obtained:
nc2D ¼
1nc2nc
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 3:35 2tc1nc1tg
 2
r
This equation takes into account the second dimension
time cycle (2tc, equal to modulation time in this case,
1.3 min) as well as the influence of undersampling of the
first dimension.
In any case, this value clearly shows the extremely high
potential and enhanced separation power of the developed
method and its application to complex real samples. Be-
sides, it is important to remark the low correlation obtained
between the retention mechanisms employed in both dimen-
sions, as it can be clearly appreciated in Figs 4 and 5, thus,
assuring high orthogonality.
Characterization of grape seed procyanidins
by HILIC×RP-LC-DAD-MS/MS
The development of this HILIC×RP method allowed the
comprehensive two-dimensional analysis of procyanidins
for the first time. The tentative identification of the separat-
ed compounds was carried out combining the information
from the two detectors employed, DAD and MS detectors.
In Table 1, the data corresponding to the separated com-
pounds as well as their tentative identification are presented.
In Fig 5, the two-dimensional chromatogram obtained for
the grape seed procyanidins analyzed under optimum con-
ditions is also shown. As it can be observed, the compounds
were mainly grouped according to their molecular mass,
firstly eluting the monomers and then the different
oligomers according to their increasing DP and increasing
degree of galoylation (for the same DP) with respect to the
first dimension separation.
Although two different detectors were employed, it is
important to remark that the UV–vis spectra of the different
grape seeds procyanidins were quite similar, thus, not allow-
ing the differentiation among them. Therefore, the informa-
tion from the MS detector was decisive in order to provide a
tentative identification of each separated compound. The
first identified compounds were the monomers catechin
and epicatechin. Both compounds provided molecular ions
with m/z 289 ([M-H]−). The fragmentation of those ions
generated ions at m/z 245 as a result of loss of CO2. By
comparing with commercial standards, peaks 2 and 3 could
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Table 1 Main procyanidins tentatively identified on grape seed using the optimized HILIC×RPLC-DAD-MS/MS methodology
Peak Identification Total tR (min) D2tR (s)
a [M-H]− [M-2H]2− Main fragments
1 Not identified 10.77 22.2±0.0 418.2 373, 289, 127
2 Catechin 10.92 31.7±0.2 289.7 245
3 Epicatechin 11.02 36.9±0.1 289.3 245
4 Gallic acid ethyl ester 9.81 42.6±0.8 197.0
5 Not identified 9.87 46.3±0.4 573.3 525, 377, 329, 195
6 Procyanidin dimer 35.55 26.9±0.1 577.3 469, 425
7 Procyanidin dimer 35.58 28.7±0.0 577.8 469, 425
8 Procyanidin dimer 35.65 32.4±0.7 577.3 469, 425
9 Procyanidin trimer 38.26 33.8±0.7 865.3 739, 577
10 Procyanidin dimer monogallate 38.29 35.3±0.3 729.7 577, 559, 407
11 Procyanidin dimer monogallate 38.31 36.7±0.5 729.7 577, 559
12 Procyanidin dimer monogallate 38.58 52.5±1.2 729.2 577, 559, 441
13 Procyanidin dimer monogallate 38.61 54.7±0.8 729.2 577, 559, 441, 407, 289
14 Procyanidin dimer digallate 39.67 39.8±0.4 881.2 729
15 Procyanidin trimer 40.78 28.9±0.3 865.5 739
16 Procyanidin trimer 40.89 35.3±0.5 865.5 739
17 Procyanidin trimer monogallate 41.02 43.0±0.5 1,017.3 891, 847, 729, 577, 441
18 Procyanidin trimer 41.96 21.4±0.0 865.3 739, 695, 577
19 Procyanidin trimer monogallate 42.10 29.9±0.6 1,017.4 729, 865, 999, 577
20 Procyanidin tetramer 42.12 30.9±0.8 1,153
21 Procyanidin trimer digallate 42.18 35.0±0.5 584.5 999, 880, 1,017, 865, 729
22 Procyanidin trimer monogallate 42.39 47.5±0.2 1,017
23 Procyanidin tetramer 43.35 26.9±0.5 1,153.5 1,027, 983, 865, 739, 575, 403
24 Procyanidin tetramer 43.38 29.1±0.5 576.7 1,027, 863, 739, 577
25 Procyanidin tetramer 43.48 34.7±0.0 1,153.4 1,027, 983, 865, 739, 575
26 Procyanidin tetramer 43.50 36.2±0.2 1,153.4 1,027, 983, 865, 739, 575
27 Procyanidin tetramer monogallate 43.54 38.5±0.4 652.3 1,179, 1,017, 863, 729, 575
28 Procyanidin tetramer monogallate 43.63 43.7±0.2 652.4 1,179, 1,017, 863, 729, 575
29 Procyanidin tetramer monogallate 43.71 48.4±0.6 652.4 1,179, 1,017, 863, 729, 575
30 Procyanidin tetramer monogallate 44.67 28.0±1.5 1,305.4
31 Procyanidin tetramer monogallate 44.72 31.4±1.3 1,305.4
32 Procyanidin pentamer 44.76 33.3±0.2 720.7 1,316, 1,153, 1,027, 863, 729, 577
33 Procyanidin pentamer 44.86 39.4±0.1 720.9 1,316, 1,153, 1,027, 865, 577
34 Procyanidin pentamer 46.01 30.3±1.2 720.8 1,316, 1,153, 1,027, 863, 577
35 Procyanidin pentamer 46.10 35.7±0.7 1,441.5
36 Procyanidin tetramer digallate 46.13 37.5±0.3 728.5 1,331, 1,169, 1,017, 879, 719, 575
37 Procyanidin pentamer 46.22 43.1±0.1 720.6 1,315, 1,153, 1,027, 863, 577, 441
38 Procyanidin pentamer monogallate 46.24 44.6±0.2 796.4 1,468, 1,304, 1,179, 1,017, 863, 575
39 Procyanidin pentamer 47.31 30.8±1.2 1,141.4
40 Procyanidin pentamer digallate 47.41 36.6±1.4 872.5 1,575, 1,458, 1,303, 575
41 Procyanidin pentamer digallate 48.65 33.1±2.0 872.6 1,457, 1,327, 1,169, 1,017, 575
42 Procyanidin pentamer digallate 48.72 37.4±1.2 872.7 1,576, 1,457, 1,169, 1,017, 729
43 Procyanidin hexamer monogallate 48.86 45.7±0.6 940.8
44 Procyanidin hexamer 49.93 31.9±2.8 864.7 1,441, 1,314, 1,151, 575
45 Procyanidin hexamer monogallate 50.01 36.5±2.4 940.8 1,593, 1,441, 1,303, 1,152, 864, 739
46 Procyanidin heptamer 51.32 37.2±2.2 1,008.4
Peaks as shown in Fig. 5
aMean(s)±SD
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be identified as catechin and epicatechin, respectively. Other
compounds were detected in the area in which these mono-
mers eluted; peak 1 produced an ion at m/z 418.2 ([M-H]−)
whose fragmentation generated ions at m/z 373, 289, and
127. Peak 4 was tentatively identified as gallic acid ethyl
ester, according to its UV–vis spectrum (very similar to that
of gallic acid) and the molecular ion detected (m/z 197.0,
[M-H]−). Different ions at m/z 577 ([M-H]−) were detected
corresponding to peaks 6, 7, and 8. The fragmentation
pattern of these three compounds was the same (see Table 1)
giving prominent fragments at m/z 469 and 425. These latter
fragments would be theoretically formed through a retro-
Diels-Alder mechanism ([M-H-152]−) [32] from a procya-
nidin dimer structure. Thus, according to this information,
these peaks were assigned to procyanidin dimers.
Ions with m/z of 865 (peaks 9, 15, 16, and 18) were
assigned to procyanidins trimers. The fragments derived from
these ions consisted on m/z 739 and 577, corresponding
probably to the loss of a phloroglucinol unit and to the loss
of a (epi)catechin molecule, respectively. These fragments
have been previously observed in procyanidin trimers [5].
On the other hand, compounds with m/z 729 ([M-H]−)
generated fragments at m/z 577, 559, 441, 407, and 289. The
fragments withm/z 577 corresponded to the loss of the galloyl
group, whereas the fragments atm/z 559 would be formed as a
result of the subsequent loss of a water molecule. The frag-
ments with m/z 441 and 289 were detected as a result of the
loss of a (epi)catechin unit and its detection, respectively. The
ion at m/z 407 would correspond to the loss of water from a
fragment formed through a retro-Diels-Alder mechanism from
the m/z 577 ion. Consequently, these components (peaks 10–
13) were tentatively identified as procyanidin dimer monog-
allates. Besides, a single peak eluting among these compo-
nents with m/z 881.2 ([M-H]−) was detected (peak 14). This
compound was assigned to a procyanidin dimer digallate
according to the fragment at m/z 729 detected after its MS/
MS analysis.
Peaks 17, 19, and 22 were tentatively assigned to pro-
cyanidin trimer monogallates. The detection of molecular
ions ([M-H]−) at m/z 1,017 together with the presence of
fragments at m/z 729 (loss of a (epi)catechin unit), 865 (loss
of galloyl group), 577 (loss of a (epi)catechin unit with a
galloyl group), and 891 allowed the identification. These
fragment ions have been described as common fragments
Fig. 6 UV–vis and MS spectra of a procyanidin hexamer monogallate
(a) and a procyanidin trimer monogallate (b). Main detected fragments
at m/z 940.7 ([M-2H]2−): m/z 1,593 ([M-H-(epi)catechin]−), m/z 1,305
([M-H-2(epicatechin)]−), m/z 1,153 ([M-H-2(epicatechin)-
phloroglucinol]−), m/z 577 (dimer), m/z 289 ((epi)catechin). Main
detected fragments of m/z 1,017.2 ([M-H]−): m/z 865 (([M-H-phloro-
glucinol]−), m/z 729 (([M-H-(epi)catechin]−), m/z 577 (dimer)
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resulting from these compounds [5]. In Fig. 6b, a typical
fragmentation pattern for these compounds is shown. Be-
sides, a doubly-charged ion ([M-2H]2−) with m/z 584.5 was
also detected. The MS/MS analysis of this compound (peak
21) allowed the detection of fragment ions closely related to
loses of galloyl moieties (m/z 1,017 and 999), (epi)catechin
units (m/z 880) and both (m/z 729). Consequently, peak 21
was assigned to a procyanidin trimer digallate.
Several procyanidin tetramers and procyanidin tetramer
monogallates were found. Procyanidin tetramers were
detected either as single-charged ions ([M-H]−) m/z 1,153
(peaks 20, 23, 25, and 26) or doubly-charged ions (m/z
576.7, peak 24). In any case, the fragmentation pattern
was quite similar producing fragments at m/z 1,027 (loss
of phloroglucinol unit), 865 (loss of (epi)catechin), 575 (loss
of two (epi)catechin units) as well as other typical fragments
(m/z 739, 403). Likewise, procyanidin tetramer monogal-
lates (peaks 27–31) were mostly detected as doubly-charged
ions ([M-2H]2−) at m/z 652, although the detection of
singly-charged ions was also possible with m/z 1,305.4
([M-H]−). Moreover, a procyanidin tetramer digallate was
also detected as [M-2H]2− with m/z 728.5 (peak 36). The
fragments found corresponding to losses similar to those
already described confirmed the identification of all these
procyanidin tetramers.
The procyanidins with DP 5 detected included pentamers
(peaks 32–35, 37, and 39), a procyanidin pentamer monog-
allate (peak 38) and procyanidin pentamer digallates (peaks
40–42). All these components were detected as doubly-
charged ions, with the exception of two procyanidin pen-
tamers that were detected as [M-H]− with m/z 1,141.5.
Concerning the procyanidin pentamers’ fragmentation pat-
tern, several fragment ions which confirmed the identifica-
tion were detected; among them, fragments with m/z 1,315
corresponding to a phloroglucinol unit loss, m/z 1,153
(matching with a (epi)catechin loss), m/z 1,027 (equivalent
to a (epi)catechin with a phoroglucinol unit loss), m/z 863
(corresponding to the loss of two (epi)catechin units), and
m/z 577 (matching the loss of three (epi)catechin units). Ions
with m/z 796.4 and 872.5 were assigned to procyanidin
pentamer monogallates and digallates ([M-2H]2−) and pre-
sented typical procyanidin oligomer fragments that con-
firmed the identification.
Lastly, the highest DP compounds identified corresponded
to procyanidin hexamer (peak 44, m/z 864.7), procyanidin
hexamer monogallates (peaks 43 and 45, m/z 940.8, see Fig 6)
and procyanidin heptamer (peak 46, m/z 1008.4) which were
detected as doubly-charged ions. Their fragmentation patterns
were consistent with those typical of procyanidin oligomers.
Thus, the application of this new two-dimensional com-
prehensive HILICxRP-LC-DAD-MS method to the analysis
of procyanidins from grape seeds allowed the separation and
tentative identification of 46 compounds, including gallic
acid ethyl ester, catechin, epicatechin and 43 procyanidin
oligomers with degree of polymerization of up to 7 and
degree of galloylation of up to 2. Although the separation
and identification of procyanidin dimers and some trimers is
already established in the chromatographic practice, it is not
the same with respect to the vast number of galloylated
procyanidin oligomers; in fact, one of the most important
contributions of the application of the developed two-
dimensional method is the separation and tentative identifi-
cation of 20 non-galloylated procyanidins with DP up to 7,
11 monogalloylated procyanidins with DP from 2 to 6 and 5
digalloylated procyanidins with DP 2 to 5 in a single chro-
matographic run. According to the best of our knowledge,
just as much as 7 monogalloylated and one digalloylated
procyanidin dimers and 3 monogalloylated and a digalloy-
lated procyanidin trimers have been previously identified
using a single one-dimensional RP-LC method [29,35].
Conclusions
In this work, the development of a new two-dimensional
comprehensive HILIC×RP-LC-DAD-MS/MS method to an-
alyze grape seed procyanidins is presented. This application
included the use of a microbore column with diol stationary
phase for the HILIC separation in the first dimension and
either a C18 partially porous column or a C18 monolithic
column to carry out the RP-LC separations in the second
dimension. These combinations provided high orthogonality
to the multidimensional system. The optimization of this
methodology allowed the separation and tentative identifica-
tion of 46 phenolic compounds including flavan-3-ol mono-
mers (catechin and epicatechin) and procyanidin oligomers up
to DP 7. To the best of our knowledge, this is the first time that
an on-line two-dimensional comprehensive LC is applied to
the separation of procyanidins in such a complex natural
sample, like grape seeds. This work also opens new possibil-
ities to the analysis of such complex compounds as proantho-
cyanidins in other food and natural complex sources.
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a  b  s  t  r  a  c  t
An  innovative  analytical  approach  based  on  the  use  of  comprehensive  two-dimensional  liquid  chromatog-
raphy  (LC  × LC)  is applied  to  obtain  the  proﬁling  of  phenolic  compounds  in  different  apple  varieties.  The
method  combines  the use  of  hydrophilic  interaction  liquid  chromatography  in the  ﬁrst  dimension  and  a
reversed  phase  separation  in the second  dimension,  as well  as  the  use of diode  array  and mass  spectrom-
etry  detection.  Using  this  methodology  is  possible  to  obtain  in  less  than  50  min  the  complete  proﬁling  of
phenolic  compounds  in a  complex  food  matrix  such  as apple.  In fact, different  ﬂavan-3-ols  including  pro-C × LC
henolic compounds
rocyanidins
cyanidin  oligomers  with  degree  of polymerization  up  to  8,  as  well  as several  dihydrochalcones,  ﬂavonols
and  a phenolic  acid  are  separated  and  tentatively  identiﬁed  in these  samples  in a single  run.  Besides,  the
total  phenols  and  total  procyanidins  amounts  were  determined  using  two  in vitro  assays.  Reinette  apples
presented  the  highest  content  on  total  phenols  (6.46  mg  galic  acid  equiv./g  dry  matter)  whereas  Granny
Smith  apples  were  the  richest  on  total  procyanidins  (0.73 mg  epicatechin  equiv./g  dry  matter).  This work
shows  the  great  potential  of LC ×  LC for phenolic  compounds  proﬁling  in complex  food  samples.. Introduction
Natural phenolic compounds are receiving a lot of attention due
o their potential beneﬁcial health properties [1]. As a consequence,
 great amount of research is being focused on the determina-
ion of this kind of compounds [2]. Although, the links between
heir consumption and the potential inﬂuence on health are still
ot completely understood [3], these effects can be investigated
ore in depth, i.e., at molecular level, via the recent foodomic
pproach, which is expected to provide more sounded evidences
n the polyphenols bioactivity [4,5].
The proﬁling of phenolic compounds of a particular sample
s usually a tough task, considering the enormous variability of
hemical structures included within this wide group of metabo-
ites [2]. Although LC is mainly used for the proﬁling of phenolic
ompounds in food-related samples, depending on the relative
omplexity of the analyzed sample this technique may  lack separa-
ion power. In this regard, the use of multidimensional techniques
igniﬁcantly improves the separation capabilities compared to
heir one-dimensional counterparts [6]. Comprehensive two-
imensional liquid chromatography (LC × LC) takes advantage of
he combination of two independent separation mechanisms to
ffectively improve the available resolving power as well as to
∗ Corresponding author. Tel.: +34 910 017 946; fax: +34 910 017 905.
E-mail address: m.herrero@csic.es (M. Herrero).
021-9673/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.chroma.2013.06.015© 2013 Elsevier B.V. All rights reserved.
produce a dramatic increase on peak capacity. To perform this kind
of analyses, two different separation processes have to be coupled
on-line, so that fractions of the ﬁrst dimension (D1) eluate are con-
tinuously collected and injected into the second dimension (D2).
This coupling is not easy, and different strategies have been already
developed and applied to improve the hyphenation [7]. Ideally, the
most advantageous approaches are composed by two dimensions
in which different separation modes are combined, in order to
enhance system orthogonality, maximizing the separation power.
Due to its characteristics, LC × LC has potential for being a powerful
tool for proﬁling studies, in which the complete composition on a
particular class of compounds present on a food sample is studied.
Comprehensive LC has been already employed to analyze a vari-
ety of food samples [8,9], including the study of some phenolic
compounds from juices [10,11], wines [12,13] and beer [14]. Nev-
ertheless, the complex phenolic compounds pattern of apples has
not yet been studied using this technique.
Apples are very rich in phenolic compounds of diverse chemical
classes [15] and, up to now, it has not been possible to simultane-
ously determine the major phenolics present on apple belonging
to these different subclasses. In this regard, different methods
have been presented focused on the determination of procyani-
din oligomers on this sample, using high-speed countercurrent
chromatography (HSCCC) [16], size exclusion chromatography
(SEC) [17], normal phase LC (NP-LC) [18] or even off-line two-
dimensional LC [19]. However, these works were mainly focused on
procyanidins, and no other phenolic compounds, also important in
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pples, were analyzed in the same run. On the other hand, to ana-
yze other phenolic compounds RP-based approaches have been
sually employed [20,21] and, although using these latter meth-
ds some procyanidins were also detected, these are just limited
o dimers, not being possible the analysis of the whole procyani-
in oligomers pattern. Consequently, the complete separation of all
ompounds of complex food samples like apple, is not attainable
sing conventional one-dimension LC; for this reason, other multi-
imensional approaches have been studied, particularly based on
he coupling between hydrophilic interaction liquid chromatogra-
hy (HILIC) and RP separations [22–25].
In this regard, we have recently developed a new HILIC × RP
ethod to characterize grape seed procyanidins [22]; based on that
ork, in the present manuscript, the method is further optimized
nd expanded to the detection of several classes of phenolic com-
onents, other than procyanidins. The new method was applied to
he proﬁling of phenolic compounds in ﬁve different apple vari-
ties. Consequently, the aim of this work was the development of a
C × LC method able to analyze the whole proﬁle of phenolic com-
ounds present in apples, including procyanidin oligomers as well
s other ﬂavonoids and phenolic acids, in a single analytical run.
. Materials and methods
.1. Samples and chemicals
Five apples (Malus domestica)  of different varieties (Red Stark-
ng, Kanzi, Royal Gala, Reinette and Granny Smith) were purchased
n a local supermarket in Madrid, Spain.
Acetonitrile, methanol, and 2-propanol were of HPLC-grade
nd acquired from Lab-Scan (Dublin, Ireland). Formic acid,
odium carbonate, gallic acid, quercetin, phloridzin dihydrate
nd 4-dimethylamino cinnamaldehyde (DMAC) were supplied by
igma–Aldrich (Madrid, Spain), whereas ethanol and acetic acid
ere purchased from Scharlab (Barcelona, Spain). Folin–Ciocalteu
henol reagent and HCl were acquired from Merck (Darmstadt,
ermany). Water employed was Milli-Q grade obtained from
 Millipore system (Billerica, MA). (+)-catechin, (−)-epicatechin,
rocyanidin B1, quercetin-3-O-rutinoside and quercetin-3-O-
alactoside reference standards were acquired from Extrasynthèse
Genay, France).
.2. Sample preparation
Apple phenolic compounds were extracted according to a previ-
usly published protocol slightly modiﬁed [26]. Brieﬂy, fresh whole
pples were cut in small pieces before their lyophilization in a
reeze-dryer (Labconco Corporation, MO). 19 g of lyophilized apple
owder were extracted with 80 mL  of acetone/water (70:30, v/v)
uring 20 min  using magnetic stirring and protected from light.
he resulting extract was centrifuged for 20 min  at 1900 × g, the
upernatant was decanted and the precipitate was again extracted
ollowing the same procedure. Both supernatants were pooled and
0 mL  of water were added before the acetone was  removed in
 Rotavapor R-210 (Buchi Labortechnik AG, Flawil, Switzerland).
ext, phenolic compounds were concentrated using solid phase
xtraction (SPE). Discovery DSC-18 6 mL  SPE cartridges (Supelco,
ellefonte, PA, USA) were conditioned with 3× 5 mL  of methanol
nd with 3× 5 mL  of water. Then, 10 mL  of sample were loaded
n the SPE column, rinsed with 10 mL  of water, and the polyphe-
ols were extracted with 2× 5 mL  of acetone/water (70:30, v/v).
inally, acetone was evaporated again by rotary evaporation, and
he remaining aqueous extract was lyophilized.. A 1313 (2013) 275– 283
2.3. Determination of total phenols content (Folin–Ciocalteu
method)
The total phenols content of the different apple samples was
measured using the Folin–Ciocalteu assay [27] with some modiﬁ-
cations. The total volume of reaction mixture was miniaturized to
1 mL.  600 L of water and 10 L of each apple sample (1 mg  mL−1
of polyphenol extract in methanol) were mixed, to which 50 L of
undiluted Folin–Ciocalteu reagent was subsequently added. After
1 min, 150 L of 20% (w/v) Na2CO3 was added and the volume
was made up to 1.0 mL  with water. After 2 h of incubation at
25 ◦C, 300 L of the mixture was transferred into a well of a
96-well microplate. The absorbance was measured at 760 nm in
a microplate spectrophotometer reader Powerwave XS (Bio Tek
Instruments, Winooski, VT) and compared to a gallic acid calibra-
tion curve (0.032–2 mg  mL−1) elaborated in the same manner. Data
were presented as the average of triplicate analyses expressed as
mg gallic acid equiv. (GAE) g−1 dry matter.
2.4. Determination of total procyanidins
To estimate the total procyanidin content in the apple sam-
ples, the p-dimethylaminocinnamaldehyde (DMAC) method was
employed according to the work by Prior et al. [28] with some
modiﬁcations. In brief, a DMAC solution (0.1% DMAC reagent
(w/v) on a mixture of ethanol/water/HCl 75:12.5:12.5, v/v/v) was
prepared immediately before use. 70 L of each apple sample
(0.075 mg  mL−1 of polyphenol extract in methanol) were mixed
with 210 L of the DMAC solution. The mixture was vortexed,
transferred into a well of a 96-well microplate and allowed to react
at room temperature for 15 min. After this time, the absorbance
was read at 640 nm using a microplate spectrophotometer reader
Powerwave XS (Bio Tek). Blanks with 70 L of methanol instead of
sample and a control samples without DMAC solution were also
included. Each sample, blank and control was prepared in tripli-
cate. The concentration of total procyanidins was  estimated from
a calibration curve using epicatechin (0.001–0.02 mg mL−1). Data
were presented as the average of duplicate analyses expressed as
mg epicatechin equiv. (ECE) g−1 dry matter.
2.5. Comprehensive two-dimensional liquid chromatography
(LC × LC) analysis of apple phenolic compounds
2.5.1. Instruments
LC × LC analyses were carried out on an Agilent 1200 series
liquid chromatograph (Agilent Technologies, Santa Clara, CA)
equipped with a diode array detector and an autosampler. In order
to have robust and reproducible low ﬂow rates and gradients in
the ﬁrst dimension, a Protecol ﬂow splitter (SGE Analytical Sci-
ence, Milton Keynes, UK) was  placed between the ﬁrst dimension
pumps and the autosampler. Besides, an additional LC pump (Agi-
lent 1290 Inﬁnity) was  coupled to this instrument to perform the
second dimension separation, hyphenated through an electronic
controlled two-position ten-port switching valve. An Agilent 6320
Ion Trap mass spectrometer equipped with an electrospray inter-
face was coupled on-line and operated in negative ionization mode
using the following conditions: dry temperature, 350 ◦C; mass
range, m/z 90–2200 Da; dry gas ﬂow rate, 12 L min−1; and nebuliza-
tion pressure, 40 psi. The LC data were elaborated and visualized in
two and three dimensions using LC Image software (version 1.0,
Zoex Corp., Houston, TX).2.5.2. LC × LC separation conditions
Samples were prepared by diluting 6 mg  of polyphenol extract of
each apple variety in 300 L of methanol and adding 700 L of ace-
tonitrile to obtain a 6 mg  mL−1 solution, which was ﬁltered through
atogr. A 1313 (2013) 275– 283 277
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Fig. 1. HILIC chromatograms (280 nm)  corresponding to the separation of phenolicL. Montero et al. / J. Chrom
.45-m nylon syringe ﬁlters (Symta, Madrid, Spain) before injec-
ion.
In the ﬁrst dimension, a Lichrospher diol-5 (150 × 1.0 mm,  5 m
.p., HiChrom, Reading, UK) column was employed with a pre-
olumn with the same stationary phase. The optimized ﬂow rate
mployed was 21 L min−1, from minute 0 to 24, and 15 L min−1
rom minute 24 to the end of the analysis. The mobile phases
mployed were (A) acetonitrile/acetic acid (98:2, v/v) and (B)
ethanol/water/acetic acid (95:3:2, v/v/v) eluted according to the
ollowing gradient: 0 min, 0% B; 2 min, 0% B; 5 min, 20% B; 30 min,
0% B; 40 min, 30% B; 50 min, 30% B. The injection volume was
0 L.
In the second dimension, an Ascentis Express C18 (50 × 4.6 mm,
.7 m d.p., Supelco, Bellefonte, CA) partially porous column was
mployed together with a C18 precolumn. During the whole
C × LC separation, 78 s-repetitive second dimension gradients
ere employed, being also 78 s the modulation time programmed
n the switching valve. Two different gradient proﬁles were
mployed throughout the analysis. During the ﬁrst 25.4 min  of two-
imensional analysis, the mobile phase employed in D2 consisted
f water (0.1% formic acid, A) and acetonitrile (B) eluted according
o the following gradient: 0 min, 0% B; 0.1 min, 15% B; 0.8 min, 50%
; 1.0 min, 70% B; 1.01 min, 0% B. From minute 25.4 till the end of the
nalysis, the mobile phase composition was changed to water (0.1%
ormic acid, A) and acetonitrile/methanol (50:50, v/v) (B) using the
ollowing programme: 0 min, 0% B; 0.1 min, 15% B; 0.3 min, 25% B;
.0 min, 45% B; 1.01 min, 0% B. The ﬂow rate was  3 mL  min−1.
The wavelength used to monitor the separations was 280 nm,
lthough UV–vis spectra were collected from 190 to 550 nm during
he whole analysis using a sampling rate of 20 Hz in the diode array
etector. The MS  was operated under negative ESI mode. The ﬂow
luting from the second dimension column was splitted before the
S instrument, so that the ﬂow rate entering the MS  detector was
pproximately 600 L min−1.
. Results and discussion
.1. Optimization of sample preparation for the analysis of
henolic compounds from apple
The ﬁrst part of this study consisted on the search of optimum
xtraction conditions to obtain a representative sample of apple
henolic compounds. Apples are very well-known for possessing
igh amount of procyanidins as well as other phenolic compounds
29]. Although different advanced extraction techniques have been
lready employed to obtain particular apple polyphenols, such
s supercritical ﬂuid extraction [30], microwave-assisted extrac-
ion [31] or pressurized liquid extraction [32], for the aim of the
resent study, a relatively fast and easy extraction method capable
f providing with a wide mixture of the entire pattern of pheno-
ic compounds present on these samples was sought. To do this,
ifferent extraction methodologies were initially tested, includ-
ng extraction with ultrasounds as well as magnetic stirring using
cetone:water 70:30 (v/v) as extraction solvent. The optimization
f the extraction procedure was monitored using a HILIC-based
ethod, which was the basis of the ﬁrst dimension of a previous
C × LC method involving the separation of procyanidins polymers
n grape seeds depending on their degree of polymerization (DP)
22]. The use of magnetic stirring followed by a SPE clean-up and
oncentration step provided the best results. Once selected the ini-
ial methodology for the extraction, the employment of different
PE cartridges with diverse stationary phases was  tested in order
o ﬁnd the best conditions to clean-up and increase the recovery
f phenolic compounds in the apple extract. Namely, amino, HLB
nd C18 stationary phases were studied. Using the C18 cartridges,compounds from Red Starking apple depending on the nature of the SPE cartridges
employed during their extraction (A) and under the optimized conditions used for
the  comprehensive two-dimensional LC analyses (B).
extracts that produced a better distribution in the HILIC separa-
tion as well as higher number of peaks were attained, as it can
be observed in Fig. 1A. To have a relatively good separation and
wide distribution of the peaks in the ﬁrst separation is essential to
achieve good two-dimensional analyses. Thus, this stationary phase
was ﬁnally selected to carry out the extraction procedure. Once all
the steps of the extraction protocol were optimized, the phenolic
compounds-rich extracts from apples were obtained by extract-
ing 19 g of lyophilized apple with 80 mL  acetone:water 70:30 (v/v)
twice, and the resulting extracts were further concentrated using
SPE as detailed above.
3.2. HILIC × RP-DAD–ESI-MS analysis of phenolic compounds
from apple
The next step consisted on the optimization of the separation
method. Although, as it has been already mentioned, apple pro-
cyanidins have been previously analyzed using NP-LC [18], SEC
[17] and HSCCC [16], all these methods have several drawbacks,
mainly involving lengthy analysis times and the impossibility to
separate the different procyanidins having the same DP.  Since
our goal was to separate apple procyanidins together with other
phenolic compounds by using an LC × LC approach, a set-up com-
prising a HILIC separation in the ﬁrst dimension (D1) coupled to
a fast RP-LC separation in the second dimension (D2), previously
developed for the separation of grape seeds proanthocyanidins,
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as initially tested [22]. However, since evident differences were
xpected between the compositions of these samples, mainly con-
idering that procyanidins pattern in apples is simpler than in grape
eeds whereas apples contain greater amounts of other ﬂavonoids
nd phenolic acids than grape seeds, no complete separations could
e achieved with the original method and further re-optimization
f the HILIC × RP method was necessary to obtain a clear proﬁle
f the entire phenolic compounds composition from apples. As the
ptimization of a two-dimensional separation is not an easy task,
ach dimension was studied separately, although LC × LC analy-
es during optimization were also necessary, not only to conﬁrm
he efﬁcacy of the changes performed but also to suggest further
odiﬁcations for the ﬁne tuning of the employed conditions.
Firstly, the HILIC separation was optimized modifying the
radient employed in order to get a better distribution of the sam-
le through the available separation space. In this regard, it is
mportant to keep in mind that the chromatographic conditions
mployed in the D1 will signiﬁcantly inﬂuence the D2. Besides,
ven if the solvents employed in the two dimensions are misci-
le or even the same, the use of different separation mechanisms
n the two dimensions implies that the weaker solvent in the D1 is
he stronger solvent in the D2 and vice versa, which may  signiﬁ-
antly interfere in the attainment of a successful coupling. For this
eason, a maximum injection volume in the D2 of 30 L was con-
idered, limited by the maximum capacity of the injection loops.
evertheless, as we formerly showed, the transfer of smaller vol-
mes to the injection loops installed in the switching valve used
s interface between injections (<20 L), allowed the dilution of
he D1 eluate with D2 initial mobile phase, producing better peak
hapes and signiﬁcantly less peak distortion in this latter separation
22]. Consequently, 15 L min−1 was selected as ﬂow rate, meaning
hat the transfer of 19.5 L into the injection loop would last 78 s,
hich would be the modulation time as well as the time avail-
ble to carry out each single D2 separation. Such slow ﬂow rates
mply the use of microbore columns so that the needed analyti-
al performance can be attained. After several modiﬁcations in the
omposition and characteristics of the mobile phases and gradi-
nts employed, it was decided to maintain the same initial mobile
hases using a less steep gradient. Fig. 1B shows the chromatogram
btained under the optimum D1 separation conditions. Final gra-
ient conditions are detailed in Section 2.5.2. As it can be observed
omparing with Fig. 1A, the peaks were more evenly distributed
uring the analysis.
For the D2 conditions optimization, 78 s was ﬁxed as target anal-
sis time. Preliminary LC × LC analyses using the gradients from
he original method clearly showed that in the last part (x axis)
f the 2D plot peaks were clearly and sufﬁciently separated. How-
ver, some peaks were not completely resolved in the initial part
f the 2D analysis. To solve this problem, dynamic gradients were
mployed in the D2 analyses maintaining a ﬂow rate of 3 mL  min−1.
he LC × LC analysis was divided into two well differentiated zones:
rom 0 to 25.4 min  and from 25.4 to the end of the analysis. The
riginal conditions involving the use of water plus 0.1% formic
cid (A) and acetonitrile/methanol 50:50 (v/v) (B) as mobile phases
ere maintained in the second half of the 2D analysis, while the
eparation conditions of the initial part (until 25.4 min) were com-
letely re-optimized. Different mobile phases and gradients were
mployed, ﬁnally achieving as optimum conditions the use of water
lus 0.1% formic acid (A) and acetonitrile (B) reaching higher pro-
ortions of the organic modiﬁer during the separation. The ﬁnal
eparation conditions involved in the D2 are speciﬁed in Section
.5.2. In Fig. 2A and B, a comparison between the separations
btained in the ﬁrst 26 min  of the two-dimensional analysis before
nd after optimization, respectively, is shown. As it can be appreci-
ted, the peaks coeluting around 60–65 s (Fig. 2A) were more clearly
esolved (34–43 s) after optimization (Fig. 2B). It is also possible to. A 1313 (2013) 275– 283
observe the separation obtained in the last part (25.4 min  – end of
analysis) of the analysis under the optimum conditions. Moreover,
as the relative complexity in these ﬁrst 26 min in terms of number
of different compounds was lower, it was  decided to increase the
D1 ﬂow rate in order to speed-up the analysis in a certain extent,
taking advantage of the volume of the injection loops installed in
the switching valve. Thus, the D1 ﬂow rate for the ﬁrst part of the
analysis (Fig. 2B) was established at 21 L min−1, whereas in the
second part (Fig. 2C), D1 ﬂow rate was  maintained at 15 L min−1
to take advantage of the dilution effect produced by the partial use
of the injection loop volume available, as previously mentioned.
3.3. Proﬁling of phenolic compounds in different apple varieties
Once the analytical method was  optimized, the two-
dimensional LC procedure was  coupled to MS, including the
use of an ESI negative ionization mode in order to assist in the
characterization of the apple samples. Five apple varieties, namely
Red Starking, Kanzi, Royal Gala, Reinette and Granny Smith, were
studied to further demonstrate the applicability of the developed
procedure. Table 1 summarizes the main phenolic compounds
detected and identiﬁed in the ﬁve apple varieties studied using
the optimized HILIC × RP-DAD–MS/MS methodology. Besides, in
Fig. 3 a comparison among the typical proﬁles obtained for all
the samples is shown. As can be observed, the phenolic compo-
sition of all samples was  dominated by the presence of a high
number of different ﬂavan-3-ols, mainly catechin and epicatechin
(peaks 1 and 2, respectively) as well as procyanidin oligomers
up to a DP = 8. Besides, it was  also possible to ﬁnd several dihy-
drochalcones (phloretin-glucoside, phloretin-xilosyl-glucoside
and hydroxyphloretin-diglycoside, peaks 4, 6, 7, 11, 16, 18, 32),
ﬂavonols (quercetin-related compounds, peaks 3, 15, 17, 22–24)
and a hydroxycinnamic acid (dicaffeoylquinic acid, peak 5). The
identiﬁcation of the compounds present on the samples was
performed thanks to the information provided by the two detec-
tors coupled in series, DAD and MS,  as well as the information
collected from MS/MS  experiments and the use of commercial
standards when available. Fig. 4 shows some examples of how the
identiﬁcation was  carried out. Among the ﬂavan-3-ols, catechin
and epicatechin were correctly identiﬁed due to the detection of
characteristic ions at m/z 289.7 and 289.5 ([M−H]−), respectively.
These compounds were differentiated by comparing their corre-
sponding retention times with those of their available commercial
standards. In the case of procyanidin dimers, trimers and tetramers,
their typical molecular ions were detected as [M−H]− at m/z  577,
865 and 1153, respectively. In each case, different fragment ions
were produced in the MS/MS  experiments, which conﬁrmed the
assignments; for example, procyanidin dimers presented frag-
ments at m/z 425, corresponding to a retro-Diels–Alder mechanism
([M−H−152]−) [33], as well as ions of the monomer (m/z 289).
Procyanidin trimers presented fragment ions corresponding to the
loss of a phloroglucinol unit (m/z 739) as well as to the loss of one
or two  (epi)catechin molecules, m/z 577 and 289, respectively. On
the other hand, procyanidin tetramers were mainly characterized
by the presence of ions related to shorter oligomers that would
be formed after collision induced dissociation, such as m/z 865
and 577. Longer procyanidin oligomers could not be detected
as monocharged ions. Indeed, procyanidin pentamers, hexamers
and heptamers were detected as doubly-charged ions, as can
be observed in Table 1. Procyanidin pentamers were detected
as m/z 720 ([M−2H]2−) which fragmentations gave rise to ions
related to the losses of a phloroglucinol unit, and one, two or three
(epi)catechin moieties (m/z 1315, 1151, 863, 577, respectively), as
can be observed in Fig. 4A. Similar fragmentation patterns allowed
the identiﬁcation of ions at m/z 864 and 1008 ([M−2H]2−) as
procyanidin hexamers and heptamers, respectively. Lastly in this
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Fig. 2. Two-dimensional plots (280 nm) corresponding to the separation of the ﬁrst eluting apple phenolic compounds before (A) and after (B) optimization, as well as to the
second  part of the separation in which a different gradient programme is employed in the optimized HILIC × RP method (C).
Fig. 3. Comparison of the 2D proﬁles (280 nm) obtained for the ﬁve apple varieties studied using the optimized HILIC × RP-DAD–MS/MS methodology. A, Red Starking; B,
Kanzi; C, Royal Gala; D, Reinette; E, Granny Smith. For peak identiﬁcation see Table 1.
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Table  1
Main phenolic compounds tentatively identiﬁed in the ﬁve different apple varieties studied using the optimized HILIC × RPLC–DAD–MS/MS proﬁling methodology.
ID Identiﬁcation Total tR (min) D2 tR (s) ± sd [M−H]− Main MS/MS  fragments UV–vis maxima
(nm)
1 Catechinc 6.90 24.17 ± 0.09 289.7 245 280
2  Epicatechinc 6.98 28.83 ± 0.16 289.5 245 280
3  Dihydroquercetin rhamnoside 7.57 64.22 ± 0.12 549.3 303 340
4  Phloretin-glucosidec 11.07 40.23 ± 0.12 435.6 273, 167 285
5  Dicaffeoylquinic acid 12.18 28.94 ± 0.11 515.4 353, 191 278
6  Phloretin-glycoside 18.82 37.12 ± 0.27 435.8 273 285
7  Phloretin-xylosyl-glucoside 27.91 36.80 ± 0.11 567.4 273 285
8  Procyanidin dimer 29.03 25.79 ± 0.08 577.5 425, 289, 559 280
9  Procyanidin dimer 29.05 27.03 ± 0.15 577.2 425, 289, 559 280
10  Procyanidin dimer 29.16 33.40 ± 0.16 577.2 425, 289, 559 280
11  Phloretin-xylosyl-glucoside 29.23 38.01 ± 0.17 567.3 273, 167 285
12  Procyanidin dimer 30.41 30.40 ± 0.17 577.8 425, 289, 559 280
13  Procyanidin dimer 30.44 32.21 ± 0.20 577.5 425, 289, 559 280
14  Procyanidin dimer 30.66 45.49 ± 0.21 577.5 425, 289, 559 280
15  Quercetin-galactosidec 30.73 49.86 ± 0.22 463.3 301 354
16  Phloretin-xylosyl-glucoside 30.80 54.33 ± 0.29 567.4 273 285
17  Quercetin rhamnoside 30.81 54.68 ± 0.04 447.3 301 350
18  Phloretin-xylosyl-glucoside 30.84 56.32 ± 0.33 567.4 273 285
19  Procyanidin dimer 31.72 31.12 ± 0.05 577.3 425, 289, 559 280
20  Procyanidin dimer 31.75 32.75 ± 0.07 577.2 425, 289, 559 280
21  Not identiﬁed 31.97 46.02 ± 0.19 599.1 447, 295 280
22  Quercetin-glucoside 32.05 50.84 ± 0.28 463.5 301 356
23  Quercetin glucoside 31.12 55.01 ± 0.09 463.8 301 350
24  Quercetin-rutinosidec 33.29 47.58 ± 0.58 609.7 301 350
25  Procyanidin trimer 34.30 29.70 ± 0.23 865.5 739, 577, 289 280
26  Procyanidin trimer 34.32 31.28 ± 0.22 865.6 739, 577 280
27  Procyanidin trimer 34.33 31.47 ± 0.19 865.3 739, 577, 425, 289 280
28  Procyanidin trimer 34.37 34.39 ± 0.23 865.4 739, 577 280
29  Procyanidin trimer 34.40 35.71 ± 0.21 865.3 739, 577, 289 280
30  Procyanidin trimer 34.42 36.96 ± 0.22 865.3 739, 577 280
31  Procyanidin trimer 34.55 44.81 ± 0.18 865.2 739, 577, 289, 245 280
32  Hydroxyphloretin-xylosyl-glucoside 34.62 49.08 ± 0.30 583.2 289, 167 285
33  Procyanidin tetramer 35.66 33.50 ± 0.40 1153.5 1027, 983, 865, 739 280
34  Procyanidin tetramer 36.85 27.29 ± 0.45 1153.3 1027, 983, 865, 739, 575 280
35  Procyanidin tetramer 36.89 29.68 ± 0.37 1153.6 1135, 983, 865, 739, 575 280
36  Procyanidin tetramer 36.91 30.66 ± 0.05 1153.5 1135, 983, 865, 739, 577 280
37  Procyanidin tetramer 36.93 31.79 ± 0.23 1153.5 1135, 983, 865, 739, 575 280
38  Procyanidin tetramer 36.99 35.26 ± 0.08 1153.6 1135, 983, 865, 739, 575 280
39  Procyanidin tetramer 37.01 36.71 ± 0.22 1153.3 1135, 1027, 983, 865, 739, 575 280
40  Procyanidin tetramer 37.23 49.77 ± 0.84 1153.3 1135, 1027, 983, 865, 739, 575 280
41  Procyanidin pentamer 37.28 49.52 ± 0.63 719.8a 1315, 1151, 1025, 863, 575, 287 280
42  Procyanidin pentamer 39.46 27.52 ± 0.33 720.4a 1315, 1151, 1027, 863, 577, 287, 245 280
43  Procyanidin pentamer 39.49 29.42 ± 0.19 720.6a 1315, 1151, 1027, 863, 739, 577, 289, 245 280
44  Procyanidin pentamer 39.50 29.83 ± 1.16 720.5a 1315, 1151, 1027, 863, 577, 289 280
45  Procyanidin pentamer 39.53 31.57 ± 0.42 720.6a 1315, 1151, 1027, 863, 577, 289 280
46  Procyanidin pentamer 39.54 32.64 ± 0.31 720.4a 1315, 1151, 1027, 863, 577, 289 280
47  Procyanidin pentamer 39.61 36.72 ± 0.13 720.5a 1315, 1151, 863, 577, 289 280
48  Procyanidin pentamer 39.62 37.49 ± 0.57 720.4a 1315, 1151, 1027, 863, 577 280
49  Procyanidin hexamer 40.89 35.15 ± 0.46 864.1a 1603, 1315, 1153, 719, 575, 287 280
50  Procyanidin hexamer 42.12 30.94 ± 0.42 864.6a 1603, 1441, 1151, 1027, 719, 577, 287 280
51  Procyanidin hexamer 42.14 32.48 ± 0.16 864.5a 1603, 1441, 1315, 1153, 719, 575, 289 280
52  Procyanidin hexamer 42.20 36.12 ± 0.08 864.6a 1605, 1441, 1315, 1151, 719, 575, 287 280
53  Procyanidin hexamer 42.23 37.73 ± 0.43 864.5a 1604, 1441, 1315, 1151, 719, 577, 289 280
54  Procyanidin hexamer 42.25 38.73 ± 0.24 864.6a 1603, 1151, 719, 577, 289 280
55  Procyanidin hexamer 43.51 36.62 ± 0.39 864.4a 1603, 1441, 1153, 719, 577, 287 280
56  Procyanidin heptamer 44.73 31.98 ± 0.25 1008.5a 1729, 1603, 1441, 1316, 1151, 863, 577 280
57  Procyanidin heptamer 44.83 37.56 ± 0.05 1008.7a 1727, 1605, 1153, 1027, 865, 739, 577, 287 280
58  Procyanidin heptamer 44.85 39.04 ± 0.28 1008.5a 1605, 1439, 1314, 1151, 865, 577, 287 280
59  Procyanidin heptamer 44.70 29.88 ± 0.13 1008.6a 1605, 1441, 1153, 863, 575 280
60  Procyanidin heptamer 44.73 31.80 ± 0.17 1008.5a 1441, 1153, 863, 575, 287 280
61  Procyanidin heptamer 46.06 33.80 ± 0.36 1008.6a 1605, 1441, 1153, 863, 575 280
62  Procyanidin heptamer 46.10 33.77 ± 0.12 1008.6a 1605, 1441, 1153, 863, 739, 577 280
63  Procyanidin heptamer 46.15 38.89 ± 0.20 1008.7a 1605, 1441, 1315, 1151, 863, 577 280
64  Procyanidin octamer 48.75 39.21 ± 0.62 768.1b 1727, 1153, 865, 739, 577, 289 280
65  Procyanidin octamer 49.94 32.69 ± 0.58 768.0b 1316, 1153, 863, 575, 287 280
g
a
ga Ions detected as [M−2H]2− .
b Ions detected as [M−3H]3− .
c Indicates identiﬁcation conﬁrmed using commercial standards.roup, two procyanidin octamers were detected in several samples
s ([M−3H]3−) with m/z  768.
Regarding the rest of identiﬁed compounds, two phloretin-
lycosides were tentatively identiﬁed (peaks 4 and 6) in agreementwith the main molecular ion detected at m/z 435.6 ([M−H]−)
together with the presence of a fragment corresponding to the loss
of an hexoside ([M−H−162]−) matching with phloretin aglycone
(m/z 273). Another fragment at m/z 167 derived from phloretin has
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3Fig. 4. UV–vis and MS/MS spectra of a procyanid
een also previously detected [34]. Moreover, the UV–vis spectra
f these peaks conﬁrmed the identiﬁcation showing the maximum
f absorbance of phloretin (285 nm)  as well as the comparison
ith its corresponding commercial standard. Other dihydrochal-
ones identiﬁed on the samples were phloretin-xylosyl-glucoside
peaks 7, 11, 16 and 18) and hydroxyphloretin-xylosyl-glucoside
peak 32). The identiﬁcation of these compounds was  performed
imilarly as for phloretin-glucoside, thanks to the detection of
heir corresponding molecular ions and fragments as well as from
he UV–vis spectra obtained (see Fig. 4B). On the other hand, six
ifferent quercetin-related ﬂavonols were also tentatively identi-
ed. Three of them corresponded to quercetin-glycosides, namely
eaks 15, 22 and 23, although peak 15 was tentatively assigned
o quercetin-galactoside, according to their elution order [35].
hese three compounds presented similar molecular ion at m/z 463
[M−H]−) and produced a fragment after MS/MS corresponding to
uercetin (m/z 301) as well as similar UV–vis absorption maximum
t 354 nm.  Besides, it was also possible to tentatively assign peak
 to dihydroquercetin-rhamnoside thanks to the detection of anntamer (A) and phloretin-xylosyl-glucoside (B).
ion at m/z 549 which produced a fragment at m/z  303. Likewise,
quercetin-rhamnoside (peak 17) and quercertin-rutinoside (peak
24) were also identiﬁed. All these compounds have been already
found in several apple-derived materials [35,36]. Examples of these
fragmentation patterns are illustrated in the supporting informa-
tion (Figure S1).
Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.chroma.2013.06.015.
The basic phenolic proﬁles of the ﬁve apple varieties were quite
similar (see Fig. 3), formed by groups of peaks belonging to the
above-mentioned chemical classes. Nevertheless, the relationships
among them were not the same; interestingly, Reinette apples con-
tained higher relative abundance of dihydrochalcones (peaks 4, 6,
7, 11, 16, 18 and 32) than procyanidins. On the other side, Granny
Smith apples presented a high number of different procyanidin
peaks with signiﬁcantly higher intensity than other ﬂavonoids.
Besides, some characteristic peaks of just one variety could also
be detected. In Fig. 5, a reconstructed 2D plot is presented in which
it is possible to observe the compounds that were present in all
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Table  2
Total phenols amount (given as mg  GAE (galic acid equiv.)/g dry matter) and total procyanidins amount (given as mg ECE (epicatechin equiv.)/g dry matter) present in the
ﬁve  studied apple varieties calculated according to the Folin–Ciocalteu and DMAC methods, respectively. Values provided as mean ± sd of three independent assays.
Apple variety Total phenols (mg  GAE/g dry matter) Total procyanidins (mg ECE/g dry matter) % Procyanidins
Red Starking 3.57 ± 0.07 0.38 ± 0.00 10.62
Kanzi 1.21 ± 0.13 0.14 ± 0.01 11.19
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tRoyal Gala 1.77 ± 0.07 
Reinette 6.46 ± 0.22 
Granny Smith 5.45 ± 0.23 
he studied samples, as well as those that were markers for only
ne sample. For instance, dihydroquercitin-rhamnoside (peak 3)
nd quercetin-rhamnoside (peak 17) were only present in Kanzi
pples. Royal Gala apples possessed two differential procyanidin
eaks, a tetramer (peak 40) and a heptamer (peak 62), while Red
tarking presented a procyanidin tetramer (peak 33), a pentamer
peak 41), two hexamers (peaks 49 and 55) as well as quercetin-
utinoside (peak 24). Granny Smith, possessed three procyanidin
ligomers (peaks 52, 59 and 60) that were not present in any other
ample. Thus, the only apple variety which did not present at least
 differential phenolic compound was Reinette.
In order to quantitatively assess these differences on the
henolic proﬁles, two in vitro assays were carried out. Firstly,
he total phenols amount present on the different samples was
etermined following the Folin–Ciocalteu method. The obtained
esults are summarized in Table 2. As it can be observed, the
pple variety with the higher phenols content was Reinette
6.46 mg  GAE g−1 d.m.) followed by Granny Smith and Red Stark-
ng, whereas Kanzi presented by far the lowest amount of total
henols (1.21 mg  GAE g−1 d.m.). A second in vitro assay, based on
he reaction with p-dimethylaminocinnamaldehyde (DMAC), was
mployed to determine the total procyanidin content of the stud-
ed samples. DMAC has been shown to speciﬁcally react with
avanols, enhancing the sensitivity and accuracy for the determi-
ation of procyanidins compared to other procedures [37]. As it
an be appreciated in Table 2, Granny Smith was the richest apple
ariety on this class of compounds, reaching 0.73 mg  ECE g−1 d.m.,
ollowed by Reinette (0.56 mg  ECE g−1 d.m.). Again, Kanzi was the
ample with the lowest amounts of ﬂavan-3-ols. Interestingly, as
t was previously pointed out from the analysis shown in Fig. 3,
he relationships between procyanidins and other phenolic com-
ounds were not the same among samples. In fact, the apple variety
ig. 5. Reconstructed 2D plot of the phenolic compounds identiﬁed in the different
pple varieties studied showing the compounds present in all the samples (pink
pots), in several apples (grey spots) and those differentially found in just one sam-
le. Kanzi, yellow spots; Royal Gala, green spots; Red Starking, red spots; Granny
mith, orange spots. Circles represent the separation of procyanidins according to
heir degree of polymerization (DP) in the ﬁrst dimension. (For interpretation of the
eferences to color in this ﬁgure legend, the reader is referred to the web version of
he  article.)0.34 ± 0.00 19.41
0.56 ± 0.01 8.71
0.73 ± 0.00 13.37
with the richest content on procyanidins was  Royal Gala, with
more than 19% of total phenols corresponding to procyanidins;
Granny Smith also contained high amounts of procyanidins (13%)
whereas Reinette was the sample with the lowest relative abun-
dance of procyanidins (8.7%), in agreement with its corresponding
LC × LC analysis. These results corroborate the applicability of the
developed methodology based on HILIC × RP-DAD–MS/MS, to char-
acterize complex samples involving a great number of compounds
belonging to different chemical classes. It is also worth to mention
that the total analysis time needed to obtain the complete phenolic
compounds’ proﬁle of each sample was  less than 50 min, which
is a rather fast analysis for a comprehensive two-dimensional
method. In fact, these analysis times are directly comparable to
other one-dimensional methods aimed to the separation of dif-
ferent phenolic compounds in apples which provided signiﬁcantly
less separation power and information [21,36,38–40]. Besides, the
optimized HILIC × RP methodology allowed the separation of pro-
cyanidin oligomers in the ﬁrst dimension according to their DP, and
their subsequent differentiation using the second dimension, as can
be clearly seen in Fig. 5.
4. Conclusions
In this work, the phenolics proﬁling of different apple varieties
using comprehensive two-dimensional LC is shown for the ﬁrst
time. The developed method, based on a HILIC × RP-DAD–MS/MS
coupling was capable to provide the 2D plot of each sample in less
than 50 min, allowing the tentative identiﬁcation of ca. 65 com-
pounds on each studied sample, including ﬂavan-3-ol oligomers
up to a DP = 8, dihydrochalcones, ﬂavonols and phenolic acids. By
attaining these 2D proﬁles, a fast visual comparison was possible
enabling to distinguish among different phenolic compound classes
in a single run, depending on the elution zone of the 2D plane
in which they appear. Among the studied samples, Reinette and
Granny Smith were the richest cultivars in terms of total phenolic
compounds and procyanidins, respectively. Thus, the applicabil-
ity of 2D LC for the proﬁling of complex food samples has been
demonstrated, opening new possibilities for the application of pro-
cedures based on this technique for other target and non-target
metabolomics-related studies.
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In this  work,  a new  alternative  for the  downstream  processing  and  valorization  of  black  chokeberry
pomace  (Aronia  melanocarpa)  which  could  be  potentially  coupled  to a bioreﬁnery  process  is  proposed.
This  alternative  is based  on  the  application  of  pressurized  liquid  extraction  (PLE)  to  the  residue  obtained
after  the supercritical  ﬂuid  extraction  of  the  berry  pomace.  An experimental  design  is employed  to study
and  optimize  the  most  relevant  extraction  conditions  in  order  to attain  extracts  with  high  extraction
yields,  total  phenols  content  and antioxidant  activity.  Moreover,  the  PLE  extracts  were  characterized  by
using a new  method  based  on the application  of comprehensive  two-dimensional  liquid chromatography
in  order  to correlate  their activity  with  their  chemical  composition.  Thanks  to the use of  this  powerfullack chokeberry
ioreﬁnery
C × LC
ressurized liquid extraction
alorization
analytical  tool, 61  compounds  could  be separated  being  possible  the  tentative  identiﬁcation  of  different
anthocyanins,  proanthocyanidins,  ﬂavonoids  and  phenolic  acids.  By using  the optimized  PLE  approach
(using  pressurized  46% ethanol  in water  at 165 ◦C  containing  1.8%  formic  acid),  extracts  with  high  total
phenols  content  (236.6  mg GAE  g−1 extract)  and high  antioxidant  activities  (4.35  mmol  TE  g−1 extract
and  EC 5.92  g mL−1) could  be obtained  with  high  yields  (72.5%).50
. Introduction
Food-related production represents an important industry
orldwide, involving the production of food commodities as well
s agricultural-related practices. These foodstuffs production gen-
rates a huge amount of wastes and by-products. As in any other
ndustrial activity, wastes in the food industry have been managed
ooking for alternative uses, being traditionally energy generation
r feed production [1]. However, in the last years, different stud-
es have appeared proposing new ways for the valorization of food
y-products mainly through the recovery and application of inter-
sting bioactive compounds from them. With these aims in mind,
ew bioreﬁnery concepts are appearing related to food industry.
ioreﬁnery relies on the development of integrated production pro-
esses in which all kinds of materials and by-products are converted
n valuable end-products, including energy, biofuels and chemicals
2]. A typical example of food-related bioreﬁnery concept is that
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aphy and 13th GC × GC Symposium (RIVA 2016), 29 May–3 June 2016, Riva del
arda, Italy.
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applied to algae, in particular microalgae [3], although this con-
cept is nowadays being transferred to other ﬁelds involving food
production.
Aronia melanocarpa, commonly called black chokeberry, is a
plant belonging to Rosaceae family widely distributed around
Europe [4]. Berry fruits from this plant are considered as one of
the richest natural sources of anthocyanins and proanthocyani-
dins [5]. A common industrial use of black chokeberries is for juice
production. The juice of these berries is highly-valued as it is con-
sidered as very rich on polyphenols [6] and it has been even pointed
out as being the most antioxidant juice among the polyphenol-
rich beverages [7]. Consequently, different studies have dealt
with the study of the possible bioactivities associated to these
berries’ components, including antioxidant activity [8], as well as
anti-inﬂammatory, anticancer, antibacterial or hepatoprotective
activities, among others [9,10]. For this reason, different extrac-
tion techniques and approaches have been investigated to recover
bioactives directly from chokeberries. For instance, maceration
[11], ultrasound-assisted extraction [12] or microwave-assisted
extraction [13] have been employed in combination with chemo-
metric approaches. However, these approaches may  not be directly
transferred to waste extraction as technological processes have
been demonstrated to have an inﬂuence on the ﬁnal composition
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n bioactives in black chokeberry [14]. This is why  speciﬁc stud-
es have been published using advanced extraction techniques to
ecover bioactives from black chokeberries by-products, such as
uice wastes [15] or tea-related by-products [16].
Up to now, the possibility of using other pressurized approaches
as not been comprehensively explored. Among these techniques,
upercritical ﬂuid extraction (SFE) and pressurized liquid extrac-
ion (PLE) are included. These processes have been recently
creened to conﬁrm the potential of black chokeberry products
17]. Whereas SFE, commonly operated with supercritical CO2,
s focused to non-polar components, PLE may  be directed to the
xtraction of high and medium polarity compounds depending on
he extraction solvent employed [18]. Thus, the combined use of
hese techniques may  be interesting for the sequential valoriza-
ion of food-related wastes, such as black chokeberries pomace.
or this reason, following some promising initial results [17], the
ossibility of using PLE to further recover bioactives from the
esidue after the SFE of black chokeberries pomace is explored in
his work. PLE is based on the use of pressurized solvents at high
emperatures, maintaining their liquid state. Under those condi-
ions, important gains in terms of mass transfer rates and process
ime are attained [19]. The generated PLE extracts using envi-
onmentally green solvents have been characterized in terms of
otal phenols content and antioxidant activity and an experimen-
al design has been employed to study the inﬂuence of the main
arameters involved in the extraction. Moreover, in an effort to cor-
elate the bioactivities observed to the chemical composition of the
enerated extracts, a new comprehensive two-dimensional liquid
hromatography method coupled to diode array and tandem mass
pectrometry detection (LC × LC-DAD-MS/MS) has been developed
or the chemical characterization of such complex extracts. To the
est of our knowledge, this is the ﬁrst report in which this analytical
ool is applied to black chokeberry.
. Materials and methods
.1. Samples and chemicals
The dried pomace of black chokeberries was taken from the juice
roduction line of Obuoliu˛ namai, (Joint Stock Company, Kaunas
ist, Lithuania). Black chokeberries (Aronia melanocarpa [Michx.]
lliott) were collected in the middle of August 2015 in a plantation
ear the production site. Dried pomace was ground in an ultra-
entrifugal rotor mill Retsch ZM200 (Retsch, Haan, Germany) to
btain the fraction of ≤0.5 mm particle size. The temperature did
ot exceed 30 ◦C during milling. The ground pomace was  stored at
 temperature of −20 ◦C until use. Supercritical ﬂuid extraction was
erformed in a ﬁrst step using CO2 at 40 MPa  and 40 ◦C for 150 min,
ccording to Grunovaite˙  et al. [25]. The obtained rafﬁnate after SFE
as dried and stored at −20 ◦C.
Ultrapure water obtained from a Millipore puriﬁcation system
Billerica, MA,  USA), ethanol (99.5%) provided by VWR  Chemicals
Fontenay-sous-Bois, France) and formic acid (98%) purchased from
igma-Aldrich were used for PLE. 2,2-Diphenyl-1-picrylhydrazyl
ydrate (DPPH, free radical, 99%), gallic acid, 6-hydroxy-2,5,7,8-
etramethylchroman-2-carboxylic acid (Trolox, ≥97%), 2,2′-azino-
is(3-ethylbenzothiazoline-6-sulfonic acid (ABTS, ≥99%) and
imethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
nd acetonitrile from VWR  chemicals. The Folin-Ciocalteu phenol
eagent was provided by Merck (Darmstadt, Germany)..2. Pressurized liquid extraction (PLE)
Extractions were performed using a pressurized liquid extrac-
or (ASE 200, Dionex, Sunnyvale, CA, USA), equipped with a solventgr. A 1468 (2016) 126–135 127
controller unit. Ultrapure water, ethanol and formic acid were
used as solvents, as described below. At the beginning of the
day, the solvents were sonicated for 10 min to avoid any possi-
ble dissolved air. For each extraction, 1 g of dried residue of black
chokeberries pomace remaining after SFE were loaded into 11 mL
stainless steel extraction cell after being mixed with 4 g of sea sand,
employed as dispersive agent. Extraction cells were then ﬁlled with
1 g of sea sand and cellulose ﬁlters were placed at both ends. The
extraction procedure brieﬂy consisted of the following steps: the
extraction cell was ﬁlled with the selected solvent and the pres-
sure was increased to the desired level; initial instrumentally ﬁxed
heat-up time was then applied depending on the extraction tem-
perature (i.e., 5 min  when the extraction temperature was 50 ◦C,
6 min  if the extraction temperature was 110 ◦C, and 8 min  when
the extraction temperature was 170 ◦C); static extraction takes
place during 20 min, in which all valves remain closed to main-
tain a constant pressure (10.3 MPa); the extract is collected in a
vial and the extraction cell rinsed with 60% of cell volume with
the same extracting solvent; ﬁnally, extraction cell and lines are
purged with pure nitrogen during 60 s. A thorough rinse of the sys-
tem was applied between the successive extractions to avoid any
carry-over from one experimental run into the next. After extrac-
tion, solvents were eliminated using a rotary evaporator (Büchi
R-3000, Flawil, Switzerland) and a freeze-dryer (Labconco Corpo-
ration, Missouri, USA), depending on the solvents used. The dried
extracts were stored at −20 ◦C protected from light until analysis.
2.3. Experimental design
PLE from black chokeberry pomace was  optimized using a
3-level factorial design 33 studying the effects of temperature
(50–170 ◦C), percentage of ethanol in the mixture solvent (0–100%)
(v/v) and percentage of formic acid in the solvent (0–2%) on
extraction yield (X0%), total phenols content (mg  GAE/g extract),
antioxidant capacity (mM  TE/g extract) and DPPH radical scaveng-
ing activity (EC50, g/ml). A total of 29 experiments were conducted
in a randomized order, including two center points. The experimen-
tal design and data analysis were carried out using response surface
methodology with the software Statgraphics Centurion XVI (Stat-
Point Technologies, Inc., Warrenton, VA, USA). The effects of the
independent variables on the response variables in the extraction
process were assessed using the pure error, considering a level of
conﬁdence of 95% for all the variables. The quadratic model pro-
posed for each response variable (Yi) was:
Yi = 0 + 1T + 2E + 3F + 1,1T2 + 2,2E2 + 3,3F2 + 1,2T
× E + 1,3T × F + 2,3E × F + error (1)
where T is the temperature, E is the solvent composition (percent-
age of ethanol in the mixture), F is the percentage of acid in the
mixture, 0 is the intercept, 1, 2 and 3 are the linear coefﬁ-
cients, 1,1, 2,2 and 3,3 are quadratic coefﬁcients, 1,2, 1,3 and
2,3 are the two factor interaction coefﬁcients, and error is the error
variable. Linear models (Eq. (1)) were evaluated considering the
percent variation explained by the determination coefﬁcient (R2),
the residual standard deviation (RSD), and the lack-of-ﬁt test for
the model from the analysis of variance table, as the signiﬁcance
criteria. The effect of each factor and its statistical signiﬁcance, for
each of the response variables, was  analyzed from the standardized
Pareto chart. The response surfaces of the respective mathematical
models were also obtained, and the signiﬁcances were accepted at
p ≤ 0.05. A multiple response optimization was  carried out by the
combination of experimental factors, looking for maximizing the
desirability function for the responses.
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.4. In vitro determinations
.4.1. Total phenols content (Folin-Ciocalteu method)
Total phenols contents (TPC) of the PLE extracts were deter-
ined spectrophotometrically by using the Folin–Ciocalteu assay
ith some modiﬁcations, as previously described Montero et al.
20]. The total volume of reaction mixture was miniaturized
o 1 mL  and methanol was replaced by DMSO due to the low
olubility of the extracts in the other solvents. Brieﬂy, 10 L
liquot of fresh extract solution (5 mg  mL−1) and 600 L ultra-
ure water were mixed, and 50 L undiluted Folin–Ciocalteu
eagent was subsequently added. After 1 min, 150 L of 20%
w/v) Na2CO3 were added and the volume was brought to 1.0 mL
ith ultrapure water. The samples were incubated for 2 h at
5 ◦C in the darkness. Later on, 300 L of each reaction mix-
ure were transferred to 96–well microplate. The absorbance was
easured at 760 nm in a microplate spectrophotometer reader
Synergy HT, BioTek Instruments, Winooski, VT). Standard curves
ith serial gallic acid solutions (0.031–2 mg  mL−1) were used
or calibration. The TPC was expressed as mg  of gallic acid
quivalents (GAE) per g of extract. All analyses were done in trip-
icate.
.4.2. Trolox equivalents antioxidant capacity assay (TEAC)
The TEAC was determined using the method described by Re
t al. [21] with some modiﬁcations. The ABTS
•+ radical was pro-
uced by reacting 7 mM ABTS and 2.45 mM potasium persulfate
n the dark at room temperature during 16 h before use. The
queous ABTS•+ solution was diluted with 5 mM phosphate buffer
pH 7.4) to an absorbance of 0.7 (±0.02) at 734 nm. The samples
10 L, 5 different concentrations from 0.0438 to 1.5 mg  mL−1)
nd 1 mL  of ABTS•+ solution were mixed in an Eppendorf vial.
fter incubation for 45 min, 300 L of the mixture were trans-
erred into a 96-well microplate. The absorbance of end point was
easured at 734 nm in a microplate spectrophotometer reader
Synergy HT, BioTek Instruments, Winooski, VT, USA). Trolox
as used as reference standard and the results were expressed
s TEAC values (mmol  of trolox/g extract). These values were
btained from ﬁve different concentrations of each extract that
ere tested in the assay giving a linear response between 20%
nd 80% of the blank absorbance. All analyses were done in trip-
icate.
.4.3. DPPH radical scavenging assay
The DPPH radical scavenging method was carried out adapting
he procedure described by Brand-Williams et al. [22], as fol-
ows: a stock solution was  prepared dissolving 23.5 mg  of DPPH in
00 mL  of methanol which was further diluted 1:10 with methanol
o give the working solution. Both stock and working solutions
ere stored at 4 ◦C until use. Five different concentrations of
xtracts were tested (from 0.0469 to 0.75 mg  mL−1). Ten L of
ach extract concentration solution were mixed in the 96-well
icroplate with 290 L of DPPH diluted solution to complete the
nal reaction medium (300 L). The reaction was kept in dark-
ess for 4 h at room temperature. Once the reaction was  ﬁnished,
he absorbance was measured at 516 nm in a microplate spec-
rophotometer reader (Synergy HT, BioTek Instruments, Winooski,
T, USA). DPPH-methanol solution was used as a control sample.
he DPPH concentration remaining in the reaction medium was
alculated from a calibration curve. The percentage of remaining
PPH against the extract concentration was then plotted to obtain
he amount of antioxidant necessary (expressed in g mL−1) to
ecrease the initial DPPH concentration by 50%, that is, the EC50
alue. Measurements were done by triplicate.gr. A 1468 (2016) 126–135
2.5. Comprehensive two-dimensional liquid chromatography
(LC × LC) analysis of black chokeberry extracts
2.5.1. Instrumentation
The LC × LC-DAD-MS instrumentation consisted on a ﬁrst
dimension (1D) composed by an Agilent 1200 series liquid chro-
matograph (Agilent Technologies, Santa Clara, CA) equipped with
an autosampler. In order to obtain more reproducible low ﬂow
rates and gradients, a Protecol ﬂow-splitter (SGE Analytical Sci-
ence, Milton Keynes, UK) was  placed between the 1D pump and
the autosampler. Additionally, a LC pump (Agilent 1290 Inﬁn-
ity) performed the second dimension (2D). Both dimensions were
connected by an electronically-controlled two-position ten-port
switching valve acting as modulator equipped with two  identical
30 L injection loops. Modulation time of the switching valve was
1.3 min. A diode array detector was  coupled after the second dimen-
sion in order to register every 2D analysis. Besides, an Agilent 6320
Ion Trap mass spectrometer equipped with an electrospray inter-
face working in positive and negative ionization mode was coupled
in series using the following conditions: dry temperature, 350 ◦C;
dry gas ﬂow rate, 12 L min−1; nebulization pressure, 35 psi; mass
range, m/z 90–2200 Da. The LC data were elaborated and visualized
using LC Image software (version 1.0, Zoex Corp., Houston, TX).
2.5.2. LC × LC separation conditions
The separation on the 1D was carried out on a Hypersil GOLD
amino column (150 × 1 mm,  3 m,  Thermo Scientiﬁc, Waltham,
MA). The mobile phases were (A) ACN/formic acid, 99:1 (v/v) and (B)
H2O/formic acid, 95:5 (v/v) eluted according to the following gra-
dient: 0 min, 1% B; 60 min, 30% B; 65 min, 40% B; 75 min, 90% B. The
ﬂow rate was established at 18 L min−1 and the injection volume
was 7 L, maintaining a column temperature of 25 ◦C. The modu-
lation time was 1.3 min, the same time as a single 2D analysis. In
the 2D separation repetitive 1.3 min  analyses were carried out dur-
ing the whole LC × LC analysis employing an Ascentis Express C18
partially porous column (50 × 4.6 mm,  2.7 m,  Supelco, Bellefonte,
CA) and using (A) H2O + 0.1% formic acid and (B) ACN as mobile
phases at a ﬂow rate of 3 mL  min−1. The repetitive gradients were
programmed as follows: 0 min, 0% B; 0.1 min, 5% B, 0.3 min, 15% B;
0.7 min, 40% B; 0.9 min, 50% B, 1 min, 90% B. The separation was
carried out at 25 ◦C and monitored at 280 and 254 nm in the DAD,
whereas UV–vis spectra were collected from 190 to 550 nm during
the whole analysis using a sampling rate of 20 Hz. The ﬂow elut-
ing from the 2D column was splitted before its entrance on the MS
detector, being ca. 0.4 mL  min−1 the ﬂow rate introduced on the ESI
source. The MS  detection was  carried out in a negative and positive
ionization mode using the conditions stated above.
3. Results and discussion
3.1. PLE of black chokeberry pomace
Valorization of food industry-related residues for the produc-
tion of bioactive compounds reusable in other applications is a hot
research topic today. From a bioreﬁnery point of view, it is inter-
esting to develop integrated or coupled processes that can make
possible the subsequent reutilization of each residue. In this regard,
this work assesses the possibility of using PLE as a downstream
extraction technique for the recovery of bioactive compounds from
black chokeberry pomace generated as a by-product from juice
production that has been already submitted to supercritical ﬂuid
extraction using neat CO2 to recover tocopherols. Thus, PLE is
employed as a second step in the valorization chain of black choke-
berry pomace.
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Table  1
Experimental matrix design conditions (factor levels between parentheses) and results for each response variable studied for the optimization of the PLE of black chokeberry
pomace. Values presented are mean ± sd.
Exp. Run PLE extraction conditions Response Variables
Temp. (◦C) Ethanol (%) Formic acid (%) Yield (%) TPC (mg  GAE g−1)a TEAC (mmol TE g−1)b EC50 (g/ml)c
1 50 (−1) 0 (−1) 0 (−1) 24.48 86.69 ± 3.34 1.684 ± 0.067 17.36 ± 0.62
2  50 (−1) 50 (0) 0 (−1) 33.24 200.30 ± 2.85 3.627 ± 0.039 7.16 ± 0.12
3  50 (−1) 100 (+1) 0 (−1) 20.82 181.96 ± 4.03 3.396 ± 0.214 6.33 ± 0.27
4  50 (−1) 0 (−1) 1 (0) 27.63 95.54 ± 0.75 1.860 ± 0.052 17.85 ± 0.35
5  50 (−1) 50 (0) 1 (0) 35.06 201.53 ± 5.40 4.032 ± 0.077 6.39 ± 0.16
6  50 (−1) 100 (+1) 1 (0) 26.35 167.84 ± 4.20 2.878 ± 0.080 6.72 ± 0.22
7  50 (−1) 0 (−1) 2 (+1) 28.40 97.18 ± 1.27 2.752 ± 0.013 11.66 ± 0.57
8  50 (−1) 50 (0) 2 (+1) 36.05 205.53 ± 6.10 4.188 ± 0.152 7.48 ± 0.24
9  50 (−1) 100 (+1) 2 (+1) 26.73 143.40 ± 2.55 2.743 ± 0.076 9.22 ± 0.21
10  110 (0) 0 (−1) 0 (−1) 36.09 183.02 ± 2.75 3.505 ± 0.069 6.95 ± 0.15
11  110 (0) 50 (0) 0 (−1) 42.00 219.19 ± 2.95 4.584 ± 0.018 5.47 ± 0.15
12  110 (0) 100 (+1) 0 (−1) 32.18 198.51 ± 3.09 3.453 ± 0.024 8.04 ± 0.49
13  110 (0) 0 (−1) 1 (0) 39.27 172.68 ± 0.46 3.753 ± 0.022 5.91 ± 0.12
14d 110 (0) 50 (0) 1 (0) 49.56 254.89 ± 13.17 4.764 ± 0.142 5.50 ± 0.21
15d 110 (0) 50 (0) 1 (0) 49.57 253.28 ± 19.00 4.762 ± 0.285 5.06 ± 0.15
16d 110 (0) 50 (0) 1 (0) 50.59 239.98 ± 11.07 4.997 ± 0.174 5.67 ± 0.20
17  110 (0) 100 (+1) 1 (0) 31.79 198.15 ± 12.92 3.931 ± 0.066 7.43 ± 0.34
18  110 (0) 0 (−1) 2 (+1) 44.27 181.43 ± 1.04 3.443 ± 0.069 8.19 ± 0.37
19  110 (0) 50 (0) 2 (+1) 55.21 230.04 ± 4.84 4.650 ± 0.105 5.73 ± 0.22
20  110 (0) 100 (+1) 2 (+1) 35.03 193.56 ± 5.59 3.894 ± 0.014 7.03 ± 0.16
21  170 (+1) 0 (−1) 0 (−1) 48.94 152.14 ± 6.84 3.275 ± 0.141 8.10 ± 0.36
22  170 (+1) 50 (0) 0 (−1) 59.81 258.31 ± 13.34 4.521 ± 0.278 5.61 ± 0.13
23  170 (+1) 100 (+1) 0 (−1) 36.84 204.75 ± 3.53 3.951 ± 0.281 7.39 ± 0.31
24  170 (+1) 0 (−1) 1 (0) 62.67 199.38 ± 11.75 3.320 ± 0.212 7.48 ± 0.37
25  170 (+1) 50 (0) 1 (0) 73.49 221.99 ±1.92 4.404 ± 0.341 5.93 ± 0.24
26  170 (+1) 100 (+1) 1 (0) 39.24 226.67 ± 3.06 4.353 ± 0.223 8.45 ± 0.44
27  170 (+1) 0 (−1) 2 (+1) 64.77 194.75 ± 4.92 3.288 ± 0.216 7.34 ± 0.08
28  170 (+1) 50 (0) 2 (+1) 75.66 227.24 ± 4.73 4.312 ± 0.245 6.62 ± 0.34
29  170 (+1) 100 (+1) 2 (+1) 40.75 227.90 ± 6.01 4.053 ± 0.203 7.65 ± 0.17
a mg  gallic acid equivalents g−1 extract.
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c DPPH assay efﬁcient concentration (g ml−1).
d Experimental design center points.
In this regard, an experimental design is proposed in order
o study the signiﬁcance of the main parameters involved in
he extraction, i.e., extraction temperature (50–170 ◦C), extraction
olvent composition (water/ethanol mixtures), acid composition
formic acid, from 0 to 2%). The rest of extraction conditions were
ept constant based on our previous experience, as follows: static
xtraction time, 20 min; extraction pressure, 10.3 MPa. By using a
hree-level factorial experimental design considering these three
actors, the inﬂuence of extraction conditions on four different
esponse variables, namely extraction yield, total phenols amount,
EAC value and EC50 was studied. Experimental matrix as well
s the results obtained at each extraction condition for the four
esponse variables are summarized in Table 1. Results correspond-
ng to the ANOVA for the different responses are included as
upplementary data (Table S1). As it can be observed, the different
esponse variables had diverse behaviors as a consequence of the
odiﬁcation of the extraction factors considered. Extraction yield
ncreased with temperature for all the solvent mixtures considered,
eaching a maximum when 50% ethanol containing 2% formic acid
as used as solvent at 170 ◦C. In general, it is possible to observe
hat 50% ethanol was the solvent mixture that produced higher
ields compared to the use of either pure ethanol or pure water.
onsidering the presence of acid in the solvent, the addition of
ormic acid signiﬁcantly increased the attainable yields compared
o the extractions in which it was not used. A further increase from
% to 2% formic acid produced slight increases in extraction yield.
PC of the extracts was also raised at high temperatures, although
◦he effect from 110 to 170 C was less marked. The richest extract
n phenols recovered was produced with 50% ethanol at 170 ◦C
ithout the addition of acid (258.31 mg  GAE g−1). In general, 50%
thanol was clearly the most suitable solvent for the extractionof total phenols. The addition of acid to the solvent was favorable
for the extraction of phenols when pure water was  employed. In
the other cases, no clear effect was  observed. Lastly, regarding the
antioxidant capacity of the extracts, the most active were found at
110 ◦C using 50% ethanol containing 1% formic acid (4.997 mmol
TE g−1 and 5.06 g mL−1 for TEAC and DPPH assays, respectively).
For these response variables, temperature was the most inﬂuenc-
ing factor, observing a signiﬁcant increase from 50 to 110 ◦C for the
same solvent mixture and then a slight decrease at higher temper-
atures.
Fig. 1 illustrates the corresponding standardized Pareto charts
for the four response variables studied as well as their corre-
sponding response surfaces maintaining constant the formic acid
proportion to 1%. Different bar color shadings indicate positive and
negative effects whereas the vertical line tests the signiﬁcance of
the effects at the 95% conﬁdence level. As it can be seen, tem-
perature, ethanol proportion in the solvent mixture as well as its
quadratic effect are among the most important signiﬁcant fac-
tors for the four response variables. As expected, temperature is
the most inﬂuencing factor for extraction yield. Moreover, from
the response surfaces it is also possible to observe great similari-
ties for the total phenols content and the two  antioxidant activity
responses. In those variables, an increase on temperature has a pos-
itive effect in the low ranges but a negative effect at very high
values. In any case, in the four response surfaces is possible to
observe a positive effect of the addition of ethanol to the solvent
mixture up to a certain point. Looking at the different behaviors and
in an effort to determine the most suitable extraction conditions
in order to have the best possible values (highest possible extrac-
tion yield, TPC, TEAC and lowest possible EC50) a multiple response
optimization was carried out considering similar statistical weight
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eig. 1. Standardized Pareto charts for the four response variables studied in the exp
nd  their corresponding response surfaces with 1% formic acid.o the four response variables. Using this approach, the optimum
xtraction conditions provided by the statistical model involved the
xtraction with 46% ethanol containing 1.8% formic acid at 165 ◦C.ntal design (grey and blue-shaded bars show positive negative effects, respectively)Using this extraction conditions, the statistical model predicted the
values for the four response variables as shown in Table 2. To check
the validity of the approach, three independent PLE extractions
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Table  2
Optimum PLE conditions provided by the statistical model for the black chokeberry pomace. Values of the response variables predicted and experimentally obtained. Results
expressed as mean ± sd of three independent replicates.
PLE extraction conditions Response variables
Temp. (◦C) Ethanol (%) Formic acid (%) Extraction yield
(%)
TPC (mg  GAE/g
extract)
TEAC (mmol
Trolox/g extract)
DPPH (EC50,
g/ml)
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Experimental 165 46 1.8 72
Difference (%) +5
ere carried out at optimized conditions, and the four response
ariables determined. The obtained experimental results in the
ptimum were in good agreement with those predicted, as can be
bserved in Table 2, thus, conﬁrming the validity of our approach.
ased on these results, it can be thus afﬁrmed that PLE in combina-
ion with SFE can be a valuable, scalable and environmentally green
ool to produce the downstream valorization of a common food
y-product such as black chokeberry pomace. The extracts gener-
ted possessed very high antioxidant activity and were produced
ith high extraction yields, which even increases the feasibility of
his approach. In any case, to gain more insight on the composition
f the attained extracts in order to know which particular com-
ounds could be responsible for such bioactivities, their chemical
haracterization was studied by using advanced multidimensional
nalytical techniques.
.2. Chemical characterization of black chokeberry pomace PLE
xtracts
Once the usefulness of PLE to obtain bioactive compounds from
lack chokeberry pomace, and thus, to produce the downstream
alorization of this by-product was demonstrated, a new com-
rehensive two-dimensional liquid chromatography tandem diode
rray and mass spectrometry detection (LC × LC-DAD-MS) method
as set up to separate and identify the compounds contained in the
xtracts that could be effectively responsible for such bioactivities.
he use of this approach is greatly interesting considering the com-
lexity of the bioactive components present in black chokeberry,
ainly based on polymeric proanthocyanidins. In fact, up to now,
ne-dimensional approaches have not been demonstrated to be
ble to provide a separation power enough to characterize this kind
f samples. For this reason, isolation of individual components and
ubsequent analysis of isolated fractions has been used [5,23,24].
owever, the use of LC × LC allows signiﬁcantly increasing the sepa-
ation power being possible to resolve very complex samples with
ultiple closely related components that may  coelute using just
ne separation mechanism. In this regard, although the coupling of
wo separations based on the same principles (e.g., RP × RP) is fea-
ible, the use of non-correlated separation mechanism in the two
imensions is highly desirable. The combination between HILIC in
he 1D and RP in the 2D has already shown a high degree of orthog-
nality and different methods based on this approach have been
eveloped for the separation of very complex samples [25,26].
Since this is the ﬁrst time that LC × LC is applied to this kind
f sample, an exhaustive optimization of the separation conditions
n each dimension was required, testing different stationary and
obile phases. In particular, three different HILIC-compatible sta-
ionary phases were tested in 1D, namely silica, diol and amino
olumns. Fig. 2 shows the separation of the black chokeberry PLE
xtract obtained after the individual optimization of separation
onditions for each column. As can be observed, the amino station-
ry phase (Fig. 2C) provided the best separation and distribution of
he sample along the chromatogram. A wide peak distribution in
D is preferred in order to allow a good sampling into the 2D. Thus,
his column was chosen for the LC × LC set-up. Regarding to the 2D,252.00 4.667 5.33
0.02 236.64 ± 3.72 4.346 ± 0.241 5.92 ± 0.23
−6.10 −6.89 +11.11
the availability of different columns for extremely fast separations
at high ﬂow rates is more limited. Although a number of stationary
phases are available, C18 columns are repeatedly selected in dif-
ferent applications because their superior resolving power at those
conditions [25]. Besides, this separation mode and stationary phase
allow for a very fast column re-equilibration, one of the conditions
needed in this kind of two-dimensional set-up. Among C18 columns,
partially porous stationary phases are well suited for very high ﬂow
rates providing high efﬁciency values at notably lower backpres-
sures compared to fully-porous materials or sub 2 m particles.
Consequently, in the preset work a 5 cm short partially-porous C18
column was  selected. Different mobile phases (comprising water,
ACN, methanol and their mixtures) with or without acid as additive
(formic and acetic acids) and different gradients were tested. After
optimization, mobile phases composed by (A) H2O + 2.5% formic
acid and (B) ACN were selected. Finally, once the optimum condi-
tions for both dimensions were established, the ﬁne-tuning of the
overall LC × LC coupling was carried out employing the selected
conditions for each dimension. This optimization consisted of an
adjustment of the 2D mobile phase composition as the high per-
centage of formic acid employed (2.5%) provided a high background
MS signal. Consequently, the percentage of acid in the mobile phase
was reduced to 0.1%.
The transfer of fractions from the ﬁrst to the second dimension
was performed using identical 30 L injection loops installed in the
switching valve acting as modulator. The use of loops with slightly
higher volume than theoretically necessary (23.4 L in this case)
considering modulation time and 1D ﬂow rate has been already
demonstrated to be useful to reduce 2D peak distortion related to
solvent incompatibility between dimensions [27].
Using those analytical conditions in combination with DAD and
MS detectors, a good separation of the complex PLE extracts could
be obtained, as it can be appreciated in Fig. 3. A high theoretical peak
capacity, calculated according to Li et al. [28], equal to 1693 was
obtained. Furthermore, the orthogonality of the optimized method
was assessed according to [29]. By using this approach considering
the separated and identiﬁed compounds (see Fig. 3), an orthogo-
nality value (A0) of 76% was  obtained, thus, conﬁrming the good
resolution capabilities obtained. In fact, as it can be inferred from
the peak positions in the 2D plane, very low correlation between
the separation mechanisms in the two dimensions were achieved.
Moreover, it can be deduced that the obtained A0 value was not
even higher due to the relatively low spreading of most peaks from
the Z+ axis [29]. Considering both values, and thus, both undersam-
pling and orthogonality effects on the 2D separation, the “practical”
peak capacity obtained was  1287. In any case, like in any other peak
capacity calculations, this value should be considered just as a mea-
sure of the coupling potential and not a real ﬁgure of the peaks that
could be separated in practice, as a sample with a chemical pattern
so precise to ﬁll all available 2D plane will not exist.
Table 3 summarizes the proposed identiﬁcation of the 61 peaks
separated after the LC × LC analysis of black chokeberry pomace PLE
extracts. As it can be observed, in the complex pattern obtained,
anthocyanins, proanthocyanidins, ﬂavonoids and phenolic acids
could be identiﬁed.
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Table 3
Tentative identiﬁcation of the metabolites present in the Aronia melanocarpa pomace PLE extract obtained at the optimum extraction conditions (46% ethanol containing 1.8% formic acid at 165 ◦C).
Peak  Total  tr (min)  tr 2D  (s)    max  (nm)  Positive  ionization  Negative  ionization  Identiﬁcation  proposed  Phenolic  class
[M]+/[M+H]+ Main  MS/MS  fragments [M−H]− Main  MS/MS  fragments
1  15.36  63.65  254,  370  349.6  209,  131  NI
2 17.79  53.05  280  499.8  481,  442,  347,  271  NI
3 18.86  39.70  258,  294,  510  421.1  375,  288  NI  (Cyanidin  derivative)  Anthocyanin
4 20.19  41.05  278,  515  419.4  287  Cyanidin  arabinoside,  cyanidin  xyloside  Anthocyanin
5 20.22  43.50  419.2  287,  259  Cyanidin  arabinoside,  cyanidin  xyloside  Anthocyanin
6 21.80  59.90  270  453.5  301,  139  NI
7 24.08  41.00  515  419.3  287  Cyanidin  arabinoside,  cyanidin  xyloside  Anthocyanin
8 24.10  41.95  419.3  287  Cyanidin  arabinoside,  cyanidin  xyloside Anthocyanin
9 24.17  46.40  280  291.3  273,  165,  151,  139,  123  289.8  246,  206,  126  (Epi)catechin  Flavanol
10 27.99  41.05  280,  515  419.2  287  Cyanidin  arabinoside,  cyanidin  xyloside  Anthocyanin
11 30.73  50.25  290,  320 305.1  286,  259,  193,  167 (Epi)gallocatechin  Flavanol
12 33.25  44.65  290  439.5  393,  247,  203,  191,  135  NI
13 37.10  42.05  280,  514  419.2  287  Cyanidin  arabinoside,  cyanidin  xyloside  Anthocyanin
14 38.36  39.35  280,  515 449.3  287  Cyanidin  glucoside,  cyanidin  galactoside Anthocyanin
15 38.43  44.25  449.2  287  Cyanidin  glucoside,  cyanidin  galactoside  Anthocyanin
16 39.85  51.15  285  550.3  503,  443,  383,  333,  259  NI
17 39.98  58.45  290  577.3  559,  449,  425,  287 Procyanidin  dimer  Proanthocyanidin
18 42.13  49.60  268,  298  479.4  419,  331,  299,  193  NI
19 43.56  39.50  282,  515  449.3  287  Cyanidin  glucoside,  cyanidin  galactoside  Anthocyanin
20 43.58  40.85  280,  515 449.3  287  Cyanidin  glucoside,  cyanidin  galactoside  Anthocyanin
21 43.78  52.65  435.2  415,  367,  303,  285 Delphinidin  arabinoside Anthocyanin
22 43.82  55.05  275,  380  591.5  531,  465,  439,  303,  215  Prodelphinidin  dimer  Proanthocyanidin
23 44.98  46.80  246,  295  433.2  411,  385,  311,  301,  271  Quercetin  pentoside  Flavonol
24 45.17  58.30  591.5  573,  465,  477,  438,  419,  287 NI  (proanthocyanidin  derivative) Proanthocyanidin
25 46.23  43.50  421.2  401,  383,  287  NI  (cyanidin  derivative)  Anthocyanin
26 46.24  44.50  450.4  287  Cyanidin  glucoside,  cyanidin  galactoside  Anthocyanin
27 47.59  47.15  280  577.4  409,  289  575.6  467,  449,  424,  330,  288  Procyanindin  dimer  Proanthocyanidin
28 47.65  50.65  254,  355  465.2  303  463.8  301  Quercetin  glucoside  or  galactoside  Flavonol
29 47.73  55.70  260,  298  465.0  303  463.7  301  Quercetin  glucoside  or  galactoside  Flavonol
30 48.75  39.20  280,  515  451.7  287  NI  (cyanidin  derivative)  Anthocyanin
31 48.85  44.65  274  577.9  428  575.4  449,  423,  405,  287,  243  Procyanidin  dimer  Proanthocyanidin
32 49.00  54.10  320  593.5  523,  466,  423,  305,  245  Prodelphinidin  dimer  Proanthocyanidin
33 50.08  40.50  285  835.5  773,  703,  581,  417,  284  NI
34 50.16  45.50  274  593.7  575,  449,  421,  289,  247  Prodelphinidin  dimer  Proanthocyanidin
35 50.22  49.35  268  735.4  573  NI
36 51.43  43.45  350  476.4  431,  315,  271  NI
37 51.56  51.50  625.5  479,  463,  317  Petunidin-p-coumaroyl  glucoside  Anthocyanin
38 51.65  56.75  404.8  209,  120  NI
39 52.62  37.70  288  865.7  733,  447,  417,  285  Procyanidin  trimer  Proanthocyanidin
40 52.67  39.90  280  865.3  703,  573,  447,  417,  285  Procyanidin  trimer  Proanthocyanidin
41 52.72  43.00  300,  325  355.7  163  708.5  353  Chlorogenic  acid  Phenolic  acid
42 54.02  43.00  296,  324  865.8  733,  703,  576,  447,  417,  285  Procyanidin  trimer  Proanthocyanidin
43 55.22  36.85  285  515.6  498,  425,  353  Dicaffeoylquinic  acid  Phenolic  acid
44 55.41  48.90  256,  355  611.4  479,  465,  449,  317,  303  609.4  533,  464,  362,  346,  302  Quercetin  rutinoside,  quercetin  rhamnosylgalactoside  Flavonol
45 56.63  43.75  267,  300 751.4  589,  453  (Epi)catechin-peonidin-3-O-glucoside  Anthocyanin  derivative
46 56.68  46.70  280  611.8  465,  449,  303  609.8  Quercetin  rutinoside,  quercetin  rhamnosylgalactoside  Flavonol
47 56.80  54.20  280  611.2  465,  449,  303  Quercetin  rutinoside,  quercetin  rhamnosylgalactoside  Flavonol
48 59.16  39.40  294,  324  356.8  193,  181,  137  NI
49 59.27  46.35  256,  352  619.5  487,  317  NI
50 59.30  47.80  255,  352  597.1  465,  435,  303  Quercetin  vicianoside  Flavonol
51 60.43  37.55  286,  515  897.4  735  895.8  733,  447,  284  NI  (cyanidin  hexoside  derivative)  Anthocyanin
52 63.14  44.15  270,  338 595.4  577,  505,  475,  385,  355,  301 NI  (proanthocyanidin  derivative)  Proanthocyanidin
53 63.27  52.35  284,  334  465.3  289  Eriodictyol  glucuronide  Flavanone
54 65.62  37.10  280  452.1  365,  288  Eriodictyol  hexoside  Flavanone
55 65.80  47.90  280  579.9a 848,  803,  735,  451,  427,  289,  247,  179  Procyanidin  tetramer  Proanthocyanidin
56 68.23  37.80  280  482.8  463,  397,  305,  287,  153  NI
57 68.30  42.00  452.0  288  NI  (cyanidin  derivative)  Anthocyanin
58 68.41  48.35  280  406.5  389,  319,  183,  139  NI
59 69.62  43.30  280  1053.8  975,  957,  903,  861,  843,  801,  783,  687,  423  NI
60 69.71  48.30  280  1035.6  975,  903,  861,  843,  729,  687  NI
61 72.21  42.70  862.9b 1438,  1287,  1103,  801,  730,  669,  575  Procyanidin  hexamer  Proanthocyanidin
NI, not identiﬁed.
a [M+2H]2+.
b [M-2H]2− .
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Fig. 2. Chromatograms (280 nm)  corresponding to the optimized separations of the black chokeberry PLE extracts under ﬁrst dimension conditions using different stationary
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chases: A, silica column (250 × 2.1 mm,  5 m,  Syncronis HILIC, Thermo Scientiﬁc
150  × 1.0 mm,  5 m,  Lichrospher diol-5, HiChrom) using ACN/HCOOH, 95:5 (v/v
ypersil GOLD Thermo Scientiﬁc) eluted using ACN/HCOOH, 99:1 (v/v) and H2O/HC
.2.1. Anthocyanins
This group of compounds was the most numerous in the black
hokeberry PLE extracts and involved some of the main compo-
ents separated. Among them, different cyanidin glycosides were
entatively identiﬁed. The identiﬁcation of these peaks was based
n characteristics m/z  detected under positive ionization condi-
ions that upon MS/MS  fragmentation yielded losses of 162 or
32 Da and fragment ions at m/z 287, typical from cyanidin agly-
one. This was the case for peaks 14, 19 and 20 which were amongst
he most intense peaks detected. In this case, m/z detected at 449.3,
ith losses of 162 Da clearly indicated the presence of cyanidin
lucosides or galactosides. Other separated peaks presented the
ame fragmentation pattern, and thus, were assigned to different
yanidin glucoside isomers (peaks 15 and 26). Another group of
nthocyanins was composed by several cyanidin arabinosides and
yanidin xylosides. In this case, m/z ions at 419.5 were found, pre-
enting fragment ions of cyanidin aglycone (m/z 287) (peaks 4, 5,
, 8, 10 and 13). Unfortunately, under the analytical conditions
mployed, no conclusive identiﬁcation of the involved isomers
ould be concluded. Other cyanidin derivatives could be detecteded using ACN and H2O/HCOOH, 97.5:2.5 (v/v) as mobile phases; B, diol column
H2O/HCOOH, 95:5 (v/v) as mobile phases; C, amino column (150 × 1 mm,  3 m„
as mobile phases.
(peaks 3, 25, 30, 57) due to the presence of the fragment at m/z 287,
although no identiﬁcation could be reached. In any case, cyanidin
glycosides have been extensively described in black chokeberry and
are regarded as one of the main bioactive compounds present on
the chemical composition of these berries [5,8].
Besides, cyanidin-related components, other minor antho-
cyanins not previously identiﬁed in Aronia melanocarpa were
detected: peak 21 was described as delphinidin arabinoside thanks
to the molecular ion detected at m/z 435.2 and its fragment ions
produced, including a delphinidin aglycone ion (m/z 285); peak 37
was assigned to petunidin p-coumaroyl-glucoside, in agreement
with its ion at m/z 625.5 and characteristic fragments at m/z  479,
463 and 317; and, peak 45 was proposed as a peonidin-related glu-
coside ((epi)catechin-peonidin glucoside), presenting a molecular
ion at m/z 751.4.3.2.2. Proanthocyanidins
Proanthocyanidins are another abundant phenolic group
present on chokeberry, and in particular, the procyanidin con-
tent on chokeberry is widely known [5,8,24]. Procyanidins consist
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2ig. 3. 2D plot (280 nm)  corresponding to the LC × LC separation of the black choke
eak  identiﬁcation, see Table 3. For detailed separation conditions, see Section 2.5.2
n polymers of different degree of polymerization formed by the
onomers catechin, epicathechin and their corresponding galloy-
ated forms.
Among the Proanthocyanidins present on the PLE extracts, sev-
ral procyanidins with different degree of polymerization were
etected under negative and positive ESI mode. In particular, pro-
yanidin dimer (peaks 27 and 31, m/z  575.4 and 577.3 in negative
nd positive ionization mode, respectively), trimer (peaks 39, 40
nd 42, presenting m/z  at 865), tetramer (peak 55, with a doubly
harged ion at m/z  579.9) and hexamer (peak 61, with [M−2H]2−
t m/z 862.9) forms were tentatively assigned.
Moreover, in this work, other proanthocyanidins have been
etected, namely prodelphinidins, which differ from procyanidins
ecause of the presence of (epi)gallocatechins and their galloylated
orms on their structure. Different prodelphinidin dimers were ten-
atively identiﬁed due to the detection of molecular ions at m/z
93.5 (peaks 22, 32 and 34) whereas their fragmentation pattern
howed ions at m/z 575 (loss of 18 Da), 303 (loss of catechin moiety)
nd 289 (loss of gallocatechin unit). Although this kind of com-
ounds has not been previously described in this sample, the high
egree of separation obtained using comprehensive LC allowed
heir tentative assignment. Moreover, their presence is consistent
ith the determination of delphinidin glucoside in the extract.
Besides these peaks, others could be assigned to the group
f proanthocyanidins thanks to their characteristic fragmentation
atterns, although no conclusive identiﬁcation could be achieved.
.2.3. Flavonoids and phenolic acids
Lastly, several ﬂavonoids were detected in the black chokeberry
xtract. (Epi)gallocatechin (peak 11) was one of the most intense
eaks. This compound was assigned as a result of the detection of
n ion at m/z 305.1 under negative ionization mode, with charac-
eristic fragment ions (see Table 3). Related to this peak, another
avan-3-ol, (epi)catechin (peak 9) was also found. However, the
ost abundant ﬂavonoid group in the studied sample belongs to
avonols. Different quercetin derivatives (peaks 23, 28, 29, 44, 46,
7 and 50) were detected. Among them, a quercetin glucoside (peak
8) presenting [M-H]− at m/z  463.8, quercetin rutinoside (peakpomace PLE extract obtained at 165 ◦C using 46% ethanol with 1.8% formic acid. For
44) with [M-H]− at m/z 609.4, and quercetin vicianoside (peak
50, [M+H]+ m/z 597.1) were the most intense. Other ﬂavonoids
present were identiﬁed as ﬂavanones, more speciﬁcally, eriodictyol
glucuronide and eriodictyol glucoside (peaks 53 and 54, respec-
tively) thanks to the detection of characteristic molecular ions
under positive ionization as well as fragment ions corresponding
to eriodictyol.
Besides ﬂavonoids, the complex chemical pattern of black
chokeberry pomace extract included the presence of phenolic acids,
which were detected under negative ionization mode. Peak 43
could be identiﬁed as dicaffeoylquinic acid in agreement with the
molecular ion detected ([M-H]−) at m/z 515.6 and the MS/MS  frag-
mentation pattern observed (yielding ions at m/z 498, 425 and 353)
whereas peak 41 was tentatively assigned to chlorogenic acid due
to the detection of an ion at m/z 708.5 which could correspond to a
[2M-H]− ion with characteristic fragment at m/z 353. Ions detected
under positive ionization mode (see Table 3) helped to conﬁrm this
identiﬁcation.
Thus, the use of this novel analytical approach has not only per-
mitted the identiﬁcation of a great variety of compounds in black
choberry pomace extracts but also the tentative assignment of
some prodelphinidins and anthocyanins not previously described
in Aronia melanocarpa.
4. Conclusions
PLE has been demonstrated as a useful downstream green pro-
cess for the valorization of black chokeberry (Aronia melanocarpa)
pomace after SFE. Optimized conditions involved the use of pres-
surized 46% ethanol in water as solvent mixture at 165 ◦C with 1.8%
formic acid. High total phenols content (236.6 mg  GAE g−1 extract)
and good antioxidant activities (4.35 mmol  TE g−1 extract and EC50
5.92 g mL−1) were obtained with extremely high extraction yields
(72.5%). Moreover, the attained extracts were chemically charac-
terized for the ﬁrst time using a new LC × LC method; 61 different
components could be separated, being possible the tentative iden-
tiﬁcation of different anthocyanins, proanthocyanidins, ﬂavonoids
and phenolic acids.
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ABSTRACT. 
Grapevine canes, a pruning-derived by-product, possess a great amount of bioactive 
(poly)phenolic compounds belonging to different chemical classes, thus, having a good potential 
for further valorization. However, in order to properly design valorization strategies, the precise 
chemical composition of this material has to be known. Up to now, this chemical 
characterization has been based on analysis of different groups of components individually, due 
to difficulties related to their huge chemical variability. In this work, a comprehensive two-
dimensional liquid chromatography-based method (LC × LC) is developed to obtain the profiles 
of (poly)phenolic compounds present in grapevine canes from several varieties.  Three different 
set-ups have been tested and compared; the combination of diol and C18 columns produced the 
best results, allowing the characterization of the (poly)phenolic profile in around 80 min. This 
way, 81 different components were detected in the samples; most of them could be tentatively 
assigned using the information provided by the DAD and MS detectors employed. Indeed, it has 
been possible to detect in a single run components belonging to stilbenoids, procyanidins and 
prodelphinidins of varying degrees of polymerization, some of them not formerly described in 
this natural source. The method has shown extremely good separation capabilities, and is 
characterized by high effective peak capacity (842) and orthogonality (A0 = 78%). The obtained 
results demonstrate that Vitis vinifera L. canes may retain a great potential to be used as an 
underexploited natural source of bioactive compounds, with potential applications in different 
fields. 
 
Keywords: Grapevine canes; LC × LC; Phenolic compounds; Proanthocyanidins; Stilbenoids 
  
  
1. INTRODUCTION. 
Management of agricultural and food-related by-products and wastes is an important issue 
nowadays worldwide. Industrial practices related to food production are responsible for the 
generation of a huge amount of unwanted materials at different levels. Traditionally, these 
wastes have been reused for energy generation and/or feed production [1]. Nevertheless, this 
approach is clearly not efficient enough to deal with such a high amount of by-products. For this 
reason, different alternatives have appeared in the last years proposing new ways for the 
valorization of agricultural and food industry by-products [2], considering that a significant part 
of those wastes are still rich on interesting components, such as bioactives. Indeed, at present, the 
complete valorization of all the residues and by-products generated in a particular production 
chain is ideally sought through the application of the modern concept of biorefinery [3].  
Among the different agrofood-related by-products, grapevine (Vitis vinifera L.) canes are a 
promising source of different bioactive components, basically, phenolic compounds. Canes are a 
pruning residue which is not processed for extensive valorization as they are normally burnt or 
composted [4]. Among the bioactives present in this material, stilbenoids are commonly pointed 
out [5], although others such as proanthocyanidins are also present. Stilbenoids are non-
flavonoid phenolic compounds which are related to defense mechanisms in plants as a response 
to different stresses. The basic structure of those found in grapevines are based on (E)-resveratrol 
(3,5,4 trihydroxystilbene) chemical structure, which is also the most abundant compound in 
grapevine canes after post-pruning storage. However, reactions such as photoisomerization, 
glycosylation and oligomerization are responsible for the complex chemical pattern that can be 
natively found in the plant [6], including monomers ((E)-piceatannol, (E)-piceid), dimers ((E)-ε-
viniferin, (E)-ω-viniferin, ampelopsin A, vitisinol C), trimers ((E)-miyabenol C), and tetramers 
((E)-vitisin B, (Z)-vitisin B, hopeaphenol, isohopeaphenol), among others. Moreover, the levels 
of (E)-resveratrol and some other related minor stilbenoids are strongly dependent on storage 
conditions of canes (time, temperature) after pruning. It has been observed that pruning triggers a 
  
very significant increase in stilbenoid levels, mainly (E)-resveratrol, in grapevine canes [6,7], 
which is induced by the stress affecting the vegetal material during post-pruning storage. The 
increase of the activity of the stilbenoid synthesizing enzyme during this period has been already 
reported [7], indicating that the biosynthesis is activated. Interestingly, this increase is not 
observed if the vegetal material is not cut or if it is kept frozen or ground soon after collection 
[5,6]. Different beneficial health effects and bioactive activities have been ascribed to (E)-
resveratrol as well as to other stilbenoids [8], thus, highlighting the interest on these natural 
components.  
On the other hand, proanthocyanidins are flavan-3-ol polymers which can be linked through 
multiple ways and degrees of polymerization, giving rise to extremely complex patterns [9]. As 
for stilbenoids, proanthocyanidins are regarded as responsible for a number of bioactivities, 
including antioxidant, hepatoprotective, anti-inflammatory, antibacterial or anticancer effects, 
among others [10]. Different proanthocyanidins, mainly procyanidins, have been already 
described in grapevine [11], although the natural chemical variability may still be concealed due 
to difficulties in their analysis. Consequently, the presence of this complex array of 
(poly)phenolic compounds makes grapevine canes a potentially interesting material for the 
development of valorization processes.  
However, to produce an efficient valorization of wastes, not only environmentally friendly 
extraction and processing techniques are needed to obtain the compounds of interest, but also an 
exhaustive chemical characterization of those materials is required. In fact, it is of utmost 
importance to precisely know the chemical composition of a particular by-product in order to 
devise strategies for its valorization. In this regard, the already mentioned extremely complex 
pattern on bioactives present on grapevine canes implies that the typically used one-dimensional 
separation approaches may not provide the separation and identification power enough to reveal 
more in detail the chemical composition of these wastes. It is precisely on this kind of complex 
natural samples where comprehensive two-dimensional liquid chromatography (LC × LC) may 
  
provide with the required additional separation capabilities. LC × LC is based on the coupling of 
two independent separation mechanisms that allow significant improvements on resolving power 
and peak capacity [12]. By using this on-line approach, the entire sample is subjected to two 
independent separation mechanisms continuously; although different combinations between 
separation mechanisms may be applied, the one involving hydrophilic interaction 
chromatography (HILIC) coupled to reversed phase (RP) separations has shown a very good 
potential for polyphenols analysis [13]. In any case, the application of this coupling is not 
straightforward due to multiple factors that should be optimized [14-16], being one of the most 
important the transfer from the first dimension (1D) eluent to the second dimension (2D) 
continuously, due to solvent incompatibility. Although, this technique has been already 
employed for the analysis of different types of polyphenols and matrices [17], up to now, it has 
not been used for the profiling of grapevine canes. Thus, the aim of this work is to profile and 
characterize the complex mixture of (poly)phenolic compounds contained in grapevine canes, 
mainly stilbenoids and proanthocyanidins, in a single run through the use of a HILIC × RP 
method coupled to tandem mass spectrometry. The developed method is then applied to reveal 
differences on the chemical composition between two red grapevine varieties stored for 3 months 
after pruning to foster an accumulation of stilbenoids. 
 
2. MATERIALS AND METHODS. 
2.1. Samples and chemicals. 
Grapevine (Vitis vinifera L.) canes from the variety Pinot Noir were collected from Itata Valley 
(Concepción, Chile) and canes from the variety Cabernet Sauvignon were from Maipo Valley 
(Santiago, Chile) in the winter of 2013. After pruning, both samples were stored at room 
temperature during three months. Then, the grapevine canes were ground and frozen at -20°C. 
Extraction of (poly)phenolic compounds from dried canes was carried out by solid/liquid 
extraction. Briefly, 50 mL of acetone/water (80:20, v/v) were added to 5 g of ground grapevine 
  
canes. The solution was sonicated (Elma, Singen, Germany) for 15 min. After that, the mixture 
was kept in the darkness during 2 h and then it was again sonicated for 15 min. Finally, the 
solution was centrifuged for 20 min at 8000 rpm, the acetone was evaporated under vacuum 
(Rotavapor R-210, Büchi Labortechnik AG, Flawil, Switzerland) and lastly, the aqueous extract 
was freeze-dried (Labconco Corporation, MO). 
HPLC grade methanol, acetonitrile and acetone were purchased from VWR Chemicals 
(Barcelona, Spain), whereas acetic and formic acids were acquired from Sigma-Aldrich (Madrid, 
Spain) and ammonium acetate was from Panreac (Barcelona, Spain). Water employed was Milli-
Q grade obtained from a Millipore system (Billerica, MA). 
 
2.2. Instrumentation. 
The LC × LC-DAD instrumentation consisted on a first dimension (1D) composed by an Agilent 
1200 series liquid chromatograph (Agilent Technologies, Santa Clara, CA) equipped with an 
autosampler. In order to obtain more reproducible low flow rates and to minimize the gradient 
delay volume of the pump, a Protecol flow-splitter (SGE Analytical Science, Milton Keynes, 
UK) was placed between the 1D pump and the autosampler. Additionally, a LC pump (Agilent 
1290 Infinity) performed the second dimension (2D) separation. Both dimensions were 
connected by an electronically-controlled two-position ten-port switching valve (Rheodyne, 
Rohnert Park, CA, USA) acting as modulator equipped with two identical 30 µL injection loops. 
Modulation time of the switching valve was 1.3 min. A diode array detector was coupled after 
the second dimension in order to register every 2D analysis. Besides, an Agilent 6320 Ion Trap 
mass spectrometer equipped with an electrospray interface working under negative ionization 
mode was coupled in series using the following conditions: dry temperature, 350 ºC; dry gas 
flow rate, 12 L min-1; nebulization pressure, 40 psi; mass range, m/z 90-2200 Da; ultra scan 
mode (26000 m/z /s). The LC data were elaborated and visualized using LC Image software 
(version 1.0, Zoex Corp., Houston, TX). 
  
 
2.3. LC × LC separation conditions. 
The 1D separation was optimized using three sets of columns. The best conditions for each 
column after optimization were:  
i) ZIC-HILIC column (150 × 1 mm, 3.5 µm, Merck, Darmstadt, Germany) eluted using 
acetonitrile (A) and 10 mM ammonium acetate pH 5 (B) as mobile phases, using the following 
gradient at 15 µL min-1: 0 min, 3% B; 5 min, 3% B; 10 min, 5% B; 15 min, 10% B; 30 min, 20% 
B; 45 min, 20% B; 50 min, 30% B; 60 min, 30% B; 70 min, 40% B; 80 min, 40% B.   
ii) PEG column (150 × 2.1 mm, 5 µm, Supelco, Bellefonte, CA) eluted using methanol (0.1 % 
formic acid, A) and water (0.1 % formic acid, B) at 20 µL min-1 according to the following 
gradient: 0 min, 40% B; 50 min, 10% B; 70 min, 2% B. 
iii) Lichrospher diol-5 (150 × 1.0 mm, 5 µm, HiChrom, Reading, UK) column eluted using 
acetonitrile (1% formic acid, A) and methanol/10 mM ammonium acetate/acetic acid (95:4:1, B) 
at 18 µL min-1 using the following gradient: 0 min, 2% B; 10 min, 2% B; 15 min, 5% B; 30 min, 
20% B; 45 min, 20% B; 50 min, 30% B; 60 min, 30% B; 70 min, 40% B; 80 min, 40% B.   
 
On the 2D, a pentafluorophenyl column (Kinetex PFP column, 50 × 4.6 mm, 2.7 µm, 
Phenomenex, Torrance, CA, USA) and a C18 column (Ascentis Express C18 column, 50 × 4.6 
mm, 2.7 µm, Supelco, Bellefonte, CA) were used. For LC × LC analysis, the C18 column was 
employed under optimized conditions depending on the stationary phase used in 1D, as follows: 
i) diol×C18 and PEG×C18 set-ups: water (0.1% formic acid, A) and acetonitrile (0.5% formic 
acid, B) were selected as mobile phases, eluted at 3 mL min-1 using the following gradient: 0 
min, 2% B; 0.1 min, 2% B; 0.3 min, 10% B; 0.5 min, 25% B; 0.7 min, 40% B; 1 min, 60% B, 
1.01 min, 2% B. 
ii) ZIC-HILIC×C18 set-up: mobile phases employed were composed by water (0.1% formic acid, 
A) and acetonitrile (0.5% formic acid, B) and were eluted at 3 mL min-1 using the following 
  
gradient: 0 min, 0% B; 0.1 min, 2% B; 0.3 min, 5% B; 0.5 min, 15% B; 0.7 min, 25% B; 1 min, 
50% B; 1.01, 0% B. 
Independently of the column combinations, 2D analyses were performed maintaining a column 
temperature of 25 ºC. UV-Vis spectra were collected in the range of 190-550 nm using a 
sampling rate of 20 Hz, while 254, 280 and 330 nm signals were also independently recorded. 
The effluent from the 2D column was splitted before entering the MS instrument, so that the flow 
rate introduced in the MS detector was ca. 0.6 mL min-1. MS detection was performed as above 
indicated (section 2.2). 
 
2.4. Calculations. 
2.4.1 Peak capacity. 
Individual peak capacity for each dimension was calculated according to eq. 1: 
 𝑛𝑐  = 1 +  𝑡𝐺𝑤   (1) 
where tG is the gradient time and 𝑤 is the average peak width, equivalent to 4σ. For 1D peak 
capacity calculations, the average peak width was obtained from 10-15 representative peaks 
selected along the analysis. Likewise, for 2D peak capacity, as much as possible peaks were 
considered (14-22 peaks, depending on the analysis). Additionally, 1nc was also calculated 
considering the broadening factor <β>, giving rise to a corrected 1D peak capacity (eq. 2), 
considering the influence of the deleterious effect of undersampling. To estimate <β>, the 
sampling time (ts) as well as the average width of 1D peaks before modulation were considered: 
𝑛1 𝑐,𝑐𝑐𝑝𝑝𝑐𝑐𝑡𝑐𝑐 = 𝑛𝑐
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    (2) 
For each two-dimensional set-up, different peak capacity values were estimated. First of all, 
theoretical peak capacity was obtained following the so-called product rule, using eq. 3, 
considering the individual peak capacities obtained in each dimension: 
𝑛𝑐,𝑡ℎ𝑐𝑐𝑝𝑐𝑡𝑝𝑐𝑝𝑝 =  𝑛1 𝑐 × 𝑛2 𝑐 2𝐷    (3) 
  
As eq. 3 does not take into consideration the deleterious effects due to the modulation process as 
well as possible undersampling, a more realistic peak capacity value was obtained from the 
equation proposed by Li et al. [18], denominated here as practical peak capacity (eq. 4): 
𝑛2𝐷 𝑐,𝑝𝑝𝑝𝑐𝑡𝑝𝑐𝑝𝑝 = 𝑛𝑐× 𝑛𝑐21
�1+3.35×� 𝑓𝑐 𝑛𝑐12
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2
   (4) 
being 2tc, the 2D separation cycle time, which is equal to the modulation time. This latter 
equation also includes the <β> parameter accounting for undersampling. Moreover, to more 
precisely compare among set-ups and in order to evaluate possible peak clusters along the 2D 
analysis and, thus, to estimate 2D space coverage, the orthogonality degree (A0) was considered 
to offer the denominated 2D corrected (also known as effective) peak capacity, as follows: 
𝑛2𝐷 𝑐,𝑐𝑐𝑝𝑝𝑐𝑐𝑡𝑐𝑐 = 𝑛2𝐷 𝑐,𝑝𝑝𝑝𝑐𝑡𝑝𝑐𝑝𝑝 × 𝐴0   (5) 
 
2.4.2 Orthogonality. 
Different approaches have been developed and published to quantify the orthogonality degree of 
a two-dimensional set-up [19]. In the present work, system orthogonality (A0) was calculated 
according to the method proposed by Camenzuli and Schoenmakers [20], taking into account the 
spread of each peak along the four imaginary lines that cross the 2D space forming an asterisk, 
that is Z1, Z2 (vertical and horizontal lines) and Z-, Z+ (diagonal lines of the asterisk). Z 
parameters describe the use of the separation space with respect to the corresponding Z line, 
allowing to semi-quantitatively diagnose areas of the separation space where sample components 
are clustered, thus, reducing in practice orthogonality. For the determination of each Z 
parameter, the SZx value was calculated, as the measure of spreading around the Zx line, using the 
retention times of all the separated peaks in each 2D analysis. 
 
3. RESULTS AND DISCUSSION. 
  
Although some previous works dealt with the identification of some stilbenoids [5,21] and 
proanthocyanidins [22] by one-dimensional reversed phase HPLC in grapevine canes, no 
comprehensive method has been developed up to now to obtain the (poly)phenolic profile of this 
material. Consequently, a LC × LC method has been developed to this aim. Based on the 
literature and our own experience, as well as considering the nature of the compounds expected 
to be part of that profile (see Figure 1 for examples), the combination between HILIC × RP 
could be a promising alternative [17,23-25], although the application of RP × RP has also been 
explored [17]. To perform a proper method optimization, different conditions have been tested 
independently, firstly looking at the performance achievable by three different stationary phases 
in the 1D and then, studying their potential when combined with a C18 column in the 2D. This 
method optimization has been performed considering the available materials and instruments, 
which impose some important constraints, mainly related to the maximum pressure borne by the 
equipment (400 bar) as well as to the scanning speed of the available detectors (DAD and MS). 
Thus, method development has been guided taking some compromises, as described below, not 
only in terms of theory but also in terms of practice (instrumental limitations). Finally, in order 
to select the most appropriate set-up for the separation of the grapevine cane samples, the 
obtained results were critically compared in terms of separation capabilities (overall resolution, 
peak capacity and orthogonality). 
 
3.1 Separation method optimization.  
Unlike other previously investigated samples where a phenolic group of compounds was clearly 
predominant [23-25], the studied samples in the present work are composed of complex mixtures 
of varying degrees of polymerization of two different groups of polyphenols, i.e., stilbenoids and 
proanthocyanidins. Due to this different pattern, several stationary phases compatible with 
HILIC separations were evaluated for their use in 1D separation, namely, diol, ZIC-HILIC and 
PEG (polyethylene glycol) columns. Diol stationary phases have repeatedly shown to provide 
  
good retention under HILIC mode [17], whereas ZIC-HILIC particles carry zwitterionic 
functional groups (sulfobetaine) with a charge balance 1:1, also suitable for that separation 
mode. On the other hand, PEG columns were initially developed for RP, although it has been 
demonstrated that they can also be run under HILIC conditions with satisfactory results [26]. For 
this reason, in this work, the performance of the PEG column was studied under both separation 
modes, as RP × RP has also previously shown relatively good performance in phenolic 
compounds analysis [13,17]. An independent optimization of the separation conditions was 
performed for each column, keeping in mind the basic requirements imposed by the 2D set-up 
used. This LC × LC set-up is based on the use two identical volume sampling loops installed in 
the switching valve in order to allow the continuous collection and injection of 1D effluent on the 
2D. Hence, separations as slow as possible in the 1D are preferred (from 10 to 100 µL min-1, 
typically) while very fast separations are needed to perform quick 2D separations (3-4 mL min-1) 
and to maintain the modulation time (and transfer volume) as short as possible. The use of such 
low flow rates in the 1D limits, in turn, the morphology of the column. It has been repeatedly 
reported that microbore and narrow columns can provide with the needed efficiency at low flow 
rates. The characteristics of the columns tested are shown in Table 1. One of the studied 
grapevine samples was used as a model, and different mobile phases, gradients and flow rates 
(from 15 to 25 µL min-1) were tested for each column, including acetonitrile/formic acid, 
acetonitrile/acetic acid, methanol/water/acid or methanol/ammonium acetate buffer mixtures in 
different proportions. After careful study of the obtained results, the optimum separation 
conditions for each studied column are reported in Section 2.3. The best conditions involving the 
use of the PEG column were found under RP conditions. When operated under HILIC-
compatible conditions, the PEG column did not produce satisfactory retention of the studied 
compounds. In any case, it is worth noting that the internal diameter of the available PEG 
column (2.1 mm) was wider than those from the other tested columns. This fact implies that the 
used linear velocity is far from optimal values, which means that the obtained separation could 
  
be theoretically further improved, although higher flow rates, which are not practical in this 
application, would be required. Figure 2 shows typical 1D chromatograms obtained under 
optimum separation conditions for each column. As can be observed, good peak distributions 
were obtained with the three tested columns, although the diol column was the only one allowing 
a separation between stilbenoids and proanthocyanidins.  Peak capacity values were calculated 
for the three optimized separations. Results are given in Table 1. The undersampling correction 
factor <β> was also considered to reduce the theoretical 1nc as a result of undersampling (Eq. 2), 
including the sampling time (ts) later on applied in LC × LC experiments (see below). As can be 
observed, the diol column produced higher peak capacity values, followed by the PEG and ZIC-
HILIC columns (25, 23 and 19, respectively). However, this value should not be the only one 
taken into consideration to select the best 1D separation method, as increments in 1D peak 
capacity do not produce enhancements in the two-dimensional peak capacity beyond a certain 
point because undersampling get worse as a result of narrower 1D peaks (unless 1tG is 
significantly increased) [27].  
 
The three columns studied in 1D were then tested in a LC × LC set-up in combination with a 
short partially porous C18 column (50 × 4.6 mm, 2.7 µm). The use of relatively short columns 
with partially porous materials allows obtaining high efficiency values and fast separations, 
significantly reducing backpressure compared to sub-2 µm columns. In our application, control 
of pressure as a result of the 2D separations is of utmost importance, as the available switching 
valve and DAD are not designed to operate at pressures above 400 bar. As can be deduced from 
the literature [17], C18 columns offer unparalleled retention for most of published applications 
involving a RP separation in 2D. In spite of this, we also studied the possibility of using a PFP 
(pentafluorophenyl) stationary phase in 2D, maintaining column morphology, although that 
column did not provide comparable results (data not shown). For each of the studied set-ups, the 
2D separation conditions were independently determined; optimum separation conditions are 
  
shown in Section 2.3. Flow rate was always maintained as fast as possible in order to reduce 2D 
analysis time, although gradients shorter than 1 min did not produced successful separations. On 
the other hand, higher 2D flow rates were avoided due to increased pressure drop and lack of 
enough sampling rate in the DAD. For these reason, total 2D analysis times were kept at 1.3 min, 
in order to allow column re-equilibration for 18 s. Moreover, the transfer volume, determined by 
the available sampling loop volume was also considered. For the three couplings, two 30 µL 
loops were employed, which provided higher volume than strictly required according to the 1D 
flow rate and modulation time employed (Table 1). However, we previously demonstrated that 
by using this additional space, each fraction being transferred was in practice diluted at the head 
of the 2D column with 2D initial mobile phase. This dilution effect has been demonstrated to be 
effective to reduce 2D peak distortion related to solvent incompatibility between dimensions 
[23], considering that there was a solvent strength mismatch in every LC × LC coupling studied 
here. 
The results obtained after the application of each optimized LC × LC set-up are illustrated in 
Figure 3. To make a quantitative comparison of the separation capabilities of each combination, 
the number of separated peaks and overall resolution, peak capacity values, as well as 
orthogonality were considered. Firstly, it is important to note, that although 1.3 min cycles may 
seem too long, the conditions applied in both dimensions allowed to minimize possible negative 
effects due to undersampling. Considering 1D peak widths before modulation, sampling times 
from 1D to 2D were estimated; obtained values in the three studied set-ups were always faster 
than the recommended rate by Murphy, Schure and Foley [28] (i.e., 4 cuts per peak, thus, 2σ), as 
it can be observed in Table 1. Theoretical peak capacity values derived from the application of 
eq. 3 are shown in Table 1. As it can be noted, the set-up involving the use of the diol column 
provided the highest values (2Dnc = 1408). Moreover, in order to give more realistic values, the 
practical peak capacity (according to eq. 4) was also calculated. This way, the effects of 
undersampling are also considered; these deleterious effects are related to the re-mix of already 
  
separated compounds in the 1D during the collection of the 1D effluent in the modulator. 
Although one of the premises of LC × LC is that none of the resolution obtained in the 1D is lost 
in the 2D, in practice this can never be completely achieved [27]; for this reason, the estimation 
of peak capacity should include the possible losses of 1D peak capacity related to undersampling. 
Using this approach, practical peak capacity values of the diol × C18, PEG × C18 and ZIC-HILIC 
× C18 set-ups were 1080, 961 and 768, respectively. Still, it is important to keep in mind that 
these peak capacity values are not the real number of peaks that could be separated along the 2D 
space because there are areas on the 2D chromatogram where peaks do not appear. To evaluate 
the 2D separation space coverage, orthogonality degree in each set-up was calculated. This 
parameter gives a measure of the separation quality and allows the comparison between different 
2D approaches. System orthogonality (A0) was calculated taking into account the spread of each 
peak along the four imaginary lines that cross the 2D space forming an asterisk, that is Z1, Z2 
(vertical and horizontal lines) and Z-, Z+ (diagonal lines of the asterisk) [20]. The ZIC-HILIC × 
C18 coupling provided an A0 of 70%, due to a good spread of the peaks around Z1 and Z2 lines (97 
and 91%, respectively). The PEG × C18 set-up possessed an A0 = 45%. This moderated value is 
related to the poor spread of peaks around the Z- and Z+ lines (42 and 60%, respectively) as can 
be observed in Figure 3B, where a peak clustering occurs on the Z- axis with a low spread. The 
best orthogonality degree was achieved with the diol × C18 coupling obtaining an A0 of 78% 
(Figure 3A) corresponding to a high peak spreading around the four axis (93% Z1, 95% Z2, 91% 
Z- and 75% Z+). Interestingly, as expected from theory, those set-ups involving a HILIC × RP 
coupling (Figures 3A and C) provided with higher orthogonality values than the RP × RP set-up 
involving the use of the PEG column (Figure 3B), for this application.  Considering 
orthogonality values, corrected peak capacities (eq. 5, 2Dnc, corr) attained in the diol × C18, PEG × 
C18 and ZIC-HILIC × C18 set-ups were 842, 432 and 538, respectively. The application of this 
correction factor allows a fairer comparison among set-ups, as the whole coupling is evaluated, 
not only in terms of each dimension separately but also looking at the 2D separation obtainable 
  
once coupled. Consequently, as can be deduced from Figure 3, the best conditions were 
produced using HILIC × RP using a diol column in the 1D coupled to a C18 column in the 2D. 
Moreover, as it can also be inferred from Figure 3, the best 1D peak distribution along the 
available analysis time was obtained using the diol column, thus, further justifying the use of the 
mentioned set-up in the present application. 
 
3.4. Characterization of the (poly)phenolic profile of grapevine canes by HILIC×RP. 
The optimized method was then applied for the characterization of the (poly)phenolic profile of 
canes of two different grapevine varieties, specifically, Pinot Noir and Cabernet Sauvignon. The 
analyzed canes were derived from the pruning of different vineyards. After pruning, the canes 
were stored at ambient temperature for three months. This period was demonstrated to be useful 
to promote the synthesis of the bioactives present [6]. The 2D plots of the studied samples under 
the optimum conditions are shown in Figure 4. In order to characterize the separated 
components, a MS detector was also hyphenated to the LC × LC instrument. The MS used 
consisted of an ion trap equipped with an electrospray (ESI) interface working on the negative 
ionization mode. Although this analyzer provided with useful MS data, this instrument does not 
provide with high scanning speeds, which are very desirable in LC × LC, considering the fast 
separations (2D) that are carried out just before detection.  Table 2 summarizes the tentatively 
identified compounds in both grapevine cane extracts as well as the corresponding data related to 
their UV-Vis and MS spectra. As can be observed from this Table and Figure 4, most peaks were 
detected in both varieties, although some others were uniquely found in just one of them. Among 
the assigned compounds, two families were mainly present, namely proanthocyanidins and 
stilbenoids. In general, compounds eluted from the 1D according to increasing degree of 
polymerization (DP); monomers and smaller oligomers were predominantly found in the first 
section of the 2D plot (first 23 min). These compounds were the most abundant in both samples 
with higher intensities.  
  
Catechin and epicatechin (peaks 5 and 6, respectively) were the only flavan-3-ol monomers 
detected in the studied samples. These two compounds are the basic components of 
procyanidins; as can be observed in Table 2, the chemical pattern of procyanidin oligomers in 
grapevine canes was very complex. Moreover, catechin and epicatechin, together with 
(epi)gallocatechin, are part of prodelphinidins, the other group of proanthocyanidins found in the 
studied samples. Several procyanidins with DP 2 and DP 3 could be tentatively assigned thanks 
to their typical molecular ions at m/z 577, 579 and 865, depending on the type of linkage. These 
compounds also presented characteristic fragment ions corresponding to retro-Diels−Alder 
(RDA) fission (-152 Da), heterocyclic ring fission (HRF, -126 Da), and quinone methide (QM) 
fission (-289 Da) [29]. Moreover, other mono- and digalloylated dimers and trimers were also 
found (peaks 42, 62, 66 and 67). An example of the MS and MS/MS spectra of a procyanidin 
trimer digallate as well as its proposed fragmentation pattern can be observed in Figure S1. The 
typical fragmentation pattern of these components which was already described for other 
samples [23] was the key for their identification, including the presence of fragments derived 
from different fission pathways [29]. It has to be pointed out that procyanidins are extensively 
present in different grape-related components, such as skins, seeds and even wine [30]. The other 
type of proanthocyanidins identified in these samples was prodelphinidins. In this case, different 
compounds containing a DP from 2 to 5 could be assigned, having also different degree of 
galloylation. In Table 2, the tentative monomer composition of each prodelphinidin is included 
in agreement with the molecular ion and main MS/MS fragments detected. For instance, both 
prodelphinidin dimers detected (peaks 39 and 41) possessed identical molecular ion at m/z 593 
([M-H]-), producing MS/MS fragments revealing the presence of (epi)catechin (m/z 289) and 
(epi)gallocatechin (m/z 305) (through QM fission). However, in the case of higher molecular 
weight components, the chemical variability was more complex. For prodelphinidin trimers, 
three different structures appeared, formed by: two (epi)catechin moieties and one 
(epi)gallocatechin (peaks 52, 53, 56 and 58) with m/z at 881 ([M-H]-); a (epi)catechin unit with 
  
two (epi)gallocatechin moieties (peak 61) with m/z at 897 ([M-H]-), and; a galloylated trimer 
(peak 65). Likewise, different tetramers could be described in the samples with different basic 
structure and degree of galloylation (peaks 68, 70, 71 and 72). Interestingly, some of these 
components were detected as doubly-charged ions. It is important to remark that this is the first 
work in which prodelphinidins are described in grapevine canes. In any case, the clarification of 
prodelphinidin oligomers is sometimes not possible only with the information provided by the 
MS and MS/MS spectra due to the fact that these complex molecules may present different 
degrees of galloylation as well as different number of (epi)gallocatechin molecules. This implies 
that some different oligomers may have the same m/z and main MS/MS fragments, making the 
unequivocal assignment very difficult. This is the case of peak 72 that presents a [M-2H]2- at m/z 
828.6 and could correspond to a prodelphinidin tetramer trigallate or to a prodelphidin pentamer 
monogallate. The MS and MS/MS spectra of this peak are shown in FigS1C and D, as well as 
the tentatively proposed fragmentation pattern of both identification options. The use of a high 
resolution MS analyzer would potentially improve the attainable results as well as the 
identification certainty through the acquisition of accurate mass values. 
The other main group of phenolic compounds in grapevine canes are stilbenoids. As can be 
observed from Table 2, the chemical composition on these compounds was also very complex, 
involving a great number of different but closely related chemical structures. These components 
eluted from the 1D according to their increasing size. The most abundant among them was (E)-
resveratrol (3,5,4’-trihydroxystilbene, peak 1), which was also the most intense peak in general 
in both samples. Piceatannol (peak 3) was also present in high amounts. Stilbenes monomers, 
such as resveratrol and piceatannol, present the same MS/MS fragmentation behavior. The 
fragmentation occurs in the resorcinol ring, which loses two consecutive C2H2O, corresponding 
to one and two neutral losses of 42 Da, respectively [31]. This way, the fragmentation of 
resveratrol (peak 1, m/z 227) is characterized by the production of fragments at m/z 187 and 143. 
Likewise, the fragmentation of piceatannol (peak 3, m/z 243) produced fragments at m/z 201 and 
  
159. The rest of stilbenoids detected in the grapevine canes samples were formed by more 
complex structures, with varying degree of polymerization. UV-Vis maxima were also useful to 
assign the separated components as resveratrol presents a UV absorption maximum at 310 nm, 
whereas, as the size of stilbenoid oligomers increases, the UV maximum shifts to ca. 280-290 
nm [32]. The above-commented loss of C2H2O under MS/MS fragmentation is also characteristic 
of stilbenoid oligomers; besides the neutral loss of 42 Da, oligomers may also present typical 
loses corresponding to 94 Da (C6H6O), 106 Da (C7H6O) and 110 Da (C6H6O2) [31]. For instance, 
peak 4 (m/z 453.7, [M-H]-) was tentatively identified as a resveratrol dimer, being the most 
important fragments derived from this ion those with m/z 411 (loss of 42 Da), 359 (loss of 94 
Da) and 347 (loss of 106 Da). In the same way, peak 2 was also assigned as a resveratrol dimer. 
These two compounds were related to viniferin, although an unequivocal identification could not 
be reached with the available tools. 
Interestingly, a di-glycosylated derivative of this compound was also found in Pinot Noir canes 
(peak 48). This compound, not reported previously in grapevine canes, has been detected in 
Riesling wine [33]. Viniferin diglycoside was characterized by a molecular ion at m/z 777, 
showing MS/MS fragments corresponding to the loss of one or both glycosidic residues (m/z 615 
and 454). Moreover, three other dimeric stilbenoid derivatives were also detected (peaks 15, 17 
and 18). These possessed an ion at m/z 469, which was in agreement of a structure based on the 
combination of (E)-resveratrol and piceatannol. Only one resveratrol trimer was detected (peak 
19) in the Pinot Noir sample (m/z 679, Figure 4A) which contrasts with the detection of 6 
different resveratrol tetramers (peaks 22, 23, 26, 27, 29 and 30). All these possessed molecular 
ions at m/z 905 and their structure would be related to hopeaphenol and vitisin [34]. 
Additionally, two other stilbenoid tetramers were detected at m/z 923 (peaks 36 and 37); their 
fragmentation pattern indicated that were related to viniferol E, including an additional hydroxyl 
group in their structure compared to the other tetramers. Moreover, two bigger oligomers, i.e., a 
resveratrol hexamer (peak 55) and a resveratrol heptamer (peak 47, Figure S1A), were detected 
  
in these samples. The generated fragments corresponding to less polymerized resveratrol 
derivatives helped to assign these components. This is the first report of the presence of these big 
oligomers in grapevine canes. 
Besides these components, other compounds were separated and their MS and MS/MS 
information collected, although no specific assignment could be obtained (see Table 2). 
Comparing both samples, quite similar profiles were achieved (Figure 4), being (E)-resveratrol, 
piceatannol and resveratrol dimers the most abundant compounds. Although the precise 
composition changed between Pinot Noir and Cabernet Sauvignon canes, from a qualitative 
point of view all the groups of compounds were similarly represented on both samples. In any 
case, the variability on the (poly)phenolic composition and content in grapevine canes from 
different varieties has been already reported [5,34]. However, this method allows to obtain the 
(poly)phenolic profile of these complex materials involving different group of polyphenol 
oligomers, which gives a clear idea of the satisfactory separation power of the developed HILIC 
× RP method. Furthermore, this application confirms the good possibilities that grapevine canes 
may have for valorization and attainment of valuable natural components with potential 
applications in the food, nutraceutical and cosmetic industries. 
 
 
4. CONCLUSIONS. 
In this work, a new HILIC × RP-DAD-MS/MS method is developed for the profiling of 
(poly)phenolic compounds present in grapevine canes from several varieties. By combining a 
diol column in the 1D with a C18 column in the 2D, it is possible to obtain their (poly)phenolic 
profile in around 80 min. The method has shown extremely good separation capabilities, and is 
characterized by high effective peak capacity (842) and orthogonality (A0 = 78%). 81 different 
components were detected in the samples; most of them could be tentatively assigned using the 
information provided by the MS and DAD detectors employed. Two main (poly)phenolic groups 
  
are represented, proanthocyanidins and stilbenoids. Thanks to this development, some 
components, such as prodelphinidins as well as some highly polymerized stilbenoids have been 
described for the first time in grapevine canes. Consequently, the interest of the application of 
LC × LC-based approaches to study complex natural mixtures has been once more confirmed. 
From the obtained results, it can be deduced that Vitis vinifera L. canes have a great potential to 
be used as an underexploited natural source of bioactive compounds, with potential applications 
in different fields. The developed methodology might also be a very effective tool to better 
understand the ongoing mechanisms in grapevine canes triggering the significant increase of the 
concentrations of some stilbenoids after pruning and during cane storage, thanks to its improved 
separation capabilities.  
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FIGURE LEGENDS. 
Figure 1. Chemical structure of some representative polyphenols present in grapevine (Vitis 
vinifera L.) canes. A) Resveratrol tetramer (Vitisin A); B) Procyanidin trimer digallate; C) 
Prodelphinidin tetramer (3(E)C-(E)GC). 
 
Figure 2. First dimension chromatograms (280 nm) corresponding to the separation of the 
polyphenols found in a grapevine cane extract under optimum conditions for each column. For 
separation conditions, see section 2.3. 
 
Figure 3. Two-dimensional plots and orthogonality values (A0) obtained using each first 
dimension column studied (A, diol; B, PEG; C, ZIC-HILIC) coupled to the partially porous C18 
column in the second dimension under optimized conditions. Dotted lines define area occupied 
by peaks. For detailed separation conditions, see section 2.3. 
 
Figure 4. Two-dimensional HILIC × RP plots (280 nm) corresponding to the (poly)phenolic 
profile of Pinot Noir (A) and Cabernet Sauvignon (B) grapevine canes under optimum separation 
conditions. For peak identification, see Table 2. For detailed separation conditions, see section 
2.3. 
  
  
Table 1. Comprehensive two-dimensional method parameters applied to the profiling of 
(poly)phenolic compounds from grapevine canes. 
  Diol × C18 PEG × C18 ZIC-HILIC × C18 
1D L (mm) 150 150 150 
 I.D. (mm) 1.0 2.1 1.0 
 Particle size (µm) 5 5 3.5 
 Flow rate (µLmin-1) 18 20 15 
 𝑤 (min) 3.01 3.60 3.40 
 1nc 32 27 23 
 <β> 1.28 1.20 1.22 
 1nc corr. 25 23  19 
2D 𝑤 (s) 1.40 1.40 1.49 
 2nc 44 44 41 
LC × LC Analysis time (min) 92 92 75 
 ts 1.73σ 1.44σ 1.52σ 
 Modulation time (min) 1.3  1.3 1.3 
 2Vinj (V 1D effluent) 30 µL (23.4 µL) 30 µL (26 µL)  30 µL (19.5 µL) 
 Z1 0.93 0.85 0.97 
 Z2 0.95 0.91 0.91 
 Z- 0.91 0.42 0.72 
 Z+ 0.75 0.60 0.77 
 A0 78% 45% 70% 
 2Dnc theoretical 1408 1188 943 
 2Dnc  practical 1080 961 768 
 2Dnc  corr. 842 432 538 
<β>, average 1D broadening factor; 1nc corr.: calculated according to eq. 2; ts, sampling time; A0, orthogonality; 2Dnc, 
theoretical: 1nc ×2nc; 2Dnc, practical: calculated according to eq. 4; 2Dnc  corr.: 2Dnc, practical × A0 
  
  
Table 2.  Main polyphenols detected in the grapevine canes samples using the optimized HILIC 
× RP-DAD-MS/MS method. (E)C, (epi)catechin; (E)gC, (epi)gallocatechin; (E)gCG, 
(epi)gallocatechin gallate. 
Peak 
Total 
tR 
(min) 
tR 2D 
(s) [M-H]
- λ max (nm) Main MS/MS fragments Identification proposed 
1 10.03 55.80 227.2 310 210, 186, 159, 143 (E)-Resveratrol 
2 10.11 60.60 453.0 326 435, 361, 349, 239, 228 Resveratrol dimer 
3 11.26 51.50 243.4 324 225, 201, 175, 159 (E)-Piceatannol 
4 12.70 60.05 453.7 324 435, 411, 359, 347, 339, 253 Resveratrol dimer 
5 13.70 41.70 289.7 280 245, 205, 165, 125 Catechin 
6 13.73 43.90 289.2 279 245, 205, 125 Epicatechin 
7 15.19 53.20 523.3  503, 485, 475, 358, 243 n.i. 
8 15.31 60.40 523.2 324 521, 503, 485, 475, 243 n.i. 
9 16.27 40.05 433.7 265 385, 223, 205, 179, 153 n.i. 
10 16.40 47.75 533.5 310  n.i. 
11 16.42 48.85 475.0 268 441, 429, 379, 351, 257 n.i. 
12 16.43 49.95 508.4 268 463, 441, 349, 193 n.i. 
13 16.51 54.80 521.1 281 485, 475, 387, 357 n.i.  
14 16.54 56.35 559.6 310 516, 485, 470, 441, 289 n.i. 
15 16.54 56.55 469.3 301 455, 433, 377, 365 Stilbenoid dimer 
16 18.99 47.50 475.1 284 454, 377, 349, 255 n.i. 
17 19.03 49.65 469.4 301 452, 376, 364, 349, 255 Stilbenoid dimer 
18 19.05 50.70 469.4 303 453, 432, 418, 255 Stilbenoid dimer 
19 19.23 61.65 679.4 292, 320 661, 586, 452, 345, 257 Resveratrol trimer  
20 21.62 48.85 444.6 273 402, 301, 291, 285 n.i. 
21 21.81 60.70 695.2 296, 325 601, 575, 467, 453, 241 n.i. 
22 29.57 58.10 906.5 284  Resveratrol tetramer  
23 29.67 64.30 906.0 284, 325  Resveratrol tetramer  
24 33.25 45.00 579.9 280 561, 531, 453, 289, 246 Procyanidin dimer 
25 33.30 48.15 549.4  531, 505, 463, 375  n.i. 
26 34.66 57.75 906.3 285  Resveratrol tetramer  
27 40.02 61.35 905.9 283  Resveratrol tetramer  
28 41.05 45.05 577.6 280 559, 451, 425, 407, 289 Procyanidin dimer 
29 42.57 58.00 905.8 285  Resveratrol tetramer  
30 42.63 61.45 905.8 284, 326  Resveratrol tetramer  
31 46.16 39.30 577.7 279 559, 469, 451, 425, 290 Procyanidin dimer 
32 46.18 40.80 577.7 280 559, 469, 451, 425, 408, 289 Procyanidin dimer 
33 46.21 42.45 577.6 278 559, 469, 452, 426, 333 Procyanidin dimer 
34 46.24 44.15 577.7 281 559, 469, 452, 426, 332, 290 Procyanidin dimer 
35 46.46 57.25 579.7 282 559, 469, 452, 425, 289 Procyanidin dimer 
36 46.47 57.95 923.4 282 903, 827, 693, 479, 469 Stilbenoid tetramer 
37 49.04 56.55 923.8 283 903, 829, 693, 469 Stilbenoid tetramer 
38 51.48 46.85 757.1 281 605, 405, 230  n.i. 
39 53.96 39.50 593.6  575, 465, 453, 439, 407, 305, 289 Prodelphinidin dimer 
  
40 54.20 53.90 939.8  906, 840, 746, 645 n.i. 
41 55.28 40.75 593.4  575, 465, 407,305, 289 Prodelphinidin dimer 
42 55.36 45.25 729.3 278 665, 603, 577, 559, 441, 407, 289 
Procyanidin dimer 
monogallate 
43 55.52 55.05 839.0 285 821, 679, 532 n.i. 
44 55.67 64.25 1045.1 286, 325 1027, 988, 758, 602 n.i. 
45 56.63 43.65 745.3 278 645, 592, 453, 341 Procyanidin dimer  
46 56.79 53.55 839.8 285 820, 679, 593, 532 n.i. 
47 58.22 61.40 790.9* 286 1355, 1131, 906, 792, 679, 451 Resveratrol heptamer 
48 59.44 56.25 777.6 288 615, 454 Viniferin diglycoside 
49 59.52 61.20 781.8* 288 1439, 1351, 1040, 949, 887, 688 n.i. 
50 60.49 41.35 865.6 279 847, 739, 713, 695, 577 Procyanidin trimer 
51 60.52 43.35 865.8 278 848, 821, 801, 663, 591, 518, 475 Procyanidin trimer 
52 60.54 44.30 881.3 278 729, 711, 591, 577, 559, 439 
Prodelphinidin trimer 
(2(E)C˗˗(E)gC) // Procyanidin 
dimer digallate 
53 60.58 47.15 881.5 280 729, 711, 591, 577, 559, 439 
Prodelphinidin trimer 
(2(E)C˗˗(E)gC) // Procyanidin 
dimer digallate 
54 60.63 49.95 897.7 325 877, 801, 725, 605, 589, 578 
Dp-3-p-coumaroilglucoside-
(epi)catechin 
55 60.74 56.25 1359.7 285 1265, 1253, 1131, 906, 813 Resveratrol hexamer 
56 61.87 46.00 881.5 281 861, 753, 727, 709, 791, 547 
Prodelphinidin trimer 
(2(E)C˗˗(E)gC) // Procyanidin 
dimer digallate 
57 61.97 52.00 1195.7 282 1043, 905, 707 Resveratrol tetramer + Catechin 
58 64.26 33.75 881.3 278 863, 755, 729, 711, 593, 575, 287 
Prodelphinidin trimer 
(2(E)C˗˗(E)gC) // Procyanidin 
dimer digallate 
59 64.50 47.80 1027.6 279 905, 782, 724, 659, 575, 313 
60 64.70 59.90 1175.1  1137, 1027, 944, 843, 729, 592, 493, 381 n.i. 
61 65.71 42.60 897.9 280 838, 769, 743, 727, 607, 591, 467, 303 
Prodelphinidin trimer ((E)C+ 
2(E)gC) 
62 65.74 44.25 1017.0 280 
999, 955, 891, 866, 847, 
740, 729, 696, 678, 602, 
559, 451, 407, 289 
Procyanidin trimer 
monogallate 
63 65.76 45.35 1015.2 280 997, 967, 851, 789, 713, 610, 427 n.i. 
64 66.01 60.60 922.7* 286 1811, 1555, 905, 875 827, 799 n.i. 
65 69.53 37.95 1035.2  1015, 907, 881, 863, 847, 755, 745, 729 
Prodelphinidin trimer 
monogallate  ((E)C˗˗(E)gCG 
or (E)CG˗˗(E)C˗˗(E)gC) 
66 69.65 44.65 1169.6 280 1151, 1043, 1017, 999, 881, 865, 847, 729, 577 Procyanidin trimer digallate 
67 70.90 42.05 1167.7 279 1152, 1017, 999, 877, 865, 742, 729, 591 Procyanidin trimer digallate 
68 76.06 39.70 1171.8   Prodelphinidin tetramer (3 
(E)C˗˗(E)gC) 
69 76.14 44.10 751.9* 278 1377, 1103, 989, 664, 487 n.i. 
70 77.30 36.15 1186.5 290  Prodelphinidin tetramer (2 
(E)C˗˗2(E)gC) 
71 78.71 42.80 735.0* 279 1443, 1339, 1154, 1017, 865, 578, 289 
Prodelphinidin tetreamer 
digallate 
  
(2(E)CG˗˗(E)C˗˗(E)gC or 
(E)CG˗˗2(E)C˗˗(E)gCG )  
72 78.75 45.20 828.6* 282 1492, 1370, 1016, 865, 745, 571 
Prodelphinidin tetramer 
trigallate 
((E)CG˗˗2(E)gCG˗˗(E)gC or 
(E)C˗˗3(E)gCG // 
Prodelphidin pentamer 
monogallate ((E)CG˗˗4(E)gC 
or (E)C˗˗(E)gCG˗˗3(E)gC) 
73 81.34 44.45 917.9* 282 1541, 1487, 1087, 1029, 841, 576 n.i. 
74 82.66 45.55 884.3* 280 1568, 1483, 1316, 1192, 1065, 739, 591 n.i. 
75 82.67 46.05 894.9* 281 1618, 1375, 1316, 1179, 816, 603 n.i. 
76 83.92 43.30 881.4* 281 1469, 1183, 806, 795, 728, 590, 577, 289 Procyanidin-related 
77 83.96 45.60 886.0* 280 1579, 1483, 1354, 1179, 995, 865, 808, 741, 577 Procyanidin-related 
78 86.54 44.25 1163.7 280  n.i. 
79 86.57 46.30 1171.7 279  n.i. 
80 89.16 45.35 1163.5 278  n.i. 
81 94.24 38.10 1028.9 278  n.i. 
n.i., Not identified; *ions detected as [M-2H]2- 
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3.6. GENERAL DISCUSSION. 
As mentioned, proanthocyanidins are polymeric phenolic compounds that present a complex 
chemical composition. It is not possible to achieve their complete separation and chemical 
characterization through only one separation mechanism, since the native proanthocyanidin 
composition in foods implies a great variability and presents multidimensionality. For this 
reason, the application of LC × LC for the characterization of these compounds is a good 
solution to obtain a more comprehensive knowledge on the composition of proanthocyanidins-
rich food samples.  
In this chapter, an in-depth study of the chemical composition of proanthocyanidins from 
different agri-food sources, namely grape seeds, apples, chokeberry and grapevine canes, 
through the application of on-line LC × LC has been carried out. In particular, the separation 
of these compounds was performed employing HILIC separation mode in the 1D and RP in the 
2D. Although this coupling is theoretically able to provide with a high degree of orthogonality, 
and thus, non-correlated separation mechanisms in both dimensions, its use is far from 
straightforward. The main difficulty related to this approach, as already described in Chapter 
1, relies on the important solvent strength mismatch that takes place during the transfer of 1D 
effluent to the 2D. This mismatch may produce important peak broadening and/or peak 
distortion in the 2D separations, thus, generating an important loss on efficiency and separation 
capabilities. To successfully cope with this problem, exhaustive method optimization is 
required, which is directly linked to the nature and specific characteristics of each analyzed 
sample. Consequently, in the following sections, the most-notable aspects related to these 
optimized methods as well as the main results are described and commented. 
 
3.6.1. INFLUENCE OF METHOD PARAMETERS. 
3.6.1.1. Sample preparation. 
As in any other analytical procedures, sample preparation is the first step to be considered. 
Although the use of LC × LC may help to avoid labor-intensive and complicated sample 
preparation procedures in some applications, depending on the concentration of the targeted 
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compounds in the real samples, a proper extraction step could be needed. In the case of the 
samples analyzed within this Chapter, an extraction protocol was employed prior analysis. 
Conventional solid/liquid extraction methods such as magnetic stirring or ultrasound assisted 
extraction were employed for the extraction of proanthocyanidin excepting for the extraction 
of the phenolic content of chokeberry. In that case, environmentally green advanced extraction 
techniques based on the use of compressed fluids (supercritical fluid extraction, SFE, and 
pressurized liquid extraction, PLE) were applied, as a part of a biorefinery process proposed to 
recover valuable ingredients from the residue of the fruit juices industry.  
Regarding other sample treatments after extraction, only apple samples required a pre-
concentration step consisting on a solid phase extraction (SPE) procedure. This was due to the 
fact that apples are very complex matrices where numerous macronutrients coexist, including 
proteins, sugars, lipids as well as secondary metabolites. For the development of that 
application (Section 3.3), the whole fruits were considered, including pomace and skin, and 
thus, several macronutrients were co-extracted together with phenolic compounds. The 
relative amounts of macronutrients compared to polyphenols produced severe interferences in 
the chromatographic separation. For this reason, the use of liquid/liquid fractionation 
(Sánchez-Rabaneda et al. 2004) or pre-concentration of the polyphenols has been proposed 
before their analysis (Shoji et al. 2003; Reis et al. 2012). The rest of the studied samples were 
directly analyzed before the extraction of the target compounds, without any intermediate 
additional sample preparation step.  
It is worth to mention that the developed applications were directed to the analysis of the entire 
native proanthocyanidins fraction of each sample, together with other possibly present 
polyphenols. Due to their great natural complexity, some protocols have been previously 
developed in which proanthocyanidins are firstly separated from the rest of polyphenols using 
tedious processes, such as preparative HPLC, and then thiolysis and/or hydrolysis procedures to 
reduced their diversity (Lazarus et al. 1999). These sample preparation steps are well known 
for producing substantial modifications in the analyzed components, thus, concealing the 
actual native composition. By using the LC × LC methods proposed in this Chapter, this kind of 
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sample pretreatments are avoided, and thus, the native chemical composition may be 
characterized.  
3.6.1.2. 1D separation. 
Several stationary phases were tested for the HILIC-based 1D separation of proanthocyanidins 
in the different samples. For instance, silica and diol stationary phases were tested for the 
optimization of the separation of grape seed procyanidins; besides these two, an amino HILIC-
compatible stationary phase was studied for the chokeberry application, whereas diol, ZIC-
HILIC and polyethylene glycol (PEG) stationary phases were tested for the separation of 
grapevine canes proanthocyanidins. Considering the particular nature of PEG particles, this 
column was run using both HILIC and RP separation modes. In the case of apple procyanidins, 
the previously developed method for grape seed procyanidins was re-optimized and adapted 
for this new sample, due to the satisfactory results obtained.  
In general, diol particles have been demonstrated to be very selective for the separation of 
proanthocyanidins, allowing an elution in increasing order of DP. Diol-bonded stationary 
phases usually contain neutral hydrophilic 2,3-dihydroxypropyl ligands and show high 
polarity and hydrogen bonding properties (Jandera 2011). The retention of proanthocyanidins 
in diol columns was achieved through very slow increments of the proportion of water in the 
mobile phase during the gradient to elute the larger molecules at the end of the analysis. In 
agreement with Kelm et al. (2006), diol particles showed stronger retention characteristics and 
an increase in speciation of the different proanthocyanidins than silica, ZIC-HILIC, PEG and 
amino stationary phases. Consequently, diol stationary phase was finally selected as 1D column 
for three out of the four developed applications. In the case of chokeberry, the phenolic profile 
of this sample contained a large number of different compounds, among them, a high 
concentration on anthocyanins; in this regard, amino stationary phase provided the maximum 
separation among the entire pattern of phenolic compounds present in that sample. 
As a common aspect to the four studied samples, the same strategy was followed in order to 
minimize the 1D undersampling effect at the same time that reducing the volume fraction 
stored in the valve, thus, minimizing the solvent strength mismatch. The mentioned approach 
was based on the use of micro-bore columns (1 mm i.d.) in the 1D working at very low flow 
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rates (15-21 µL min-1, depending on the application). These conditions allowed obtaining 
broad separations along the 1D chromatogram achieving peaks wide enough to be able to 
comply with Murphy’s rule of 3-4 samplings per 1D peak (Murphy et al. 1998). In Table 3.1, 
the data related to the separation conditions are summarized.  
 
Table 3.1. Comparison of 2D separation data of the four proanthocyanidins-rich samples. 
Sample 
1𝒘   
(min) 
1nc Optimal sampling 
rate (min) 
2𝒘 
(s) 
2nc 2Dnc,practica
l 
A0 
(%) 
2Dnc,corrected 
Grape seeds 3.31 19 1.7 1.4 57 875 76 666 
Apples 2.86 19 1.4 0.8 95 1334 68 907 
Chokeberry 2.77 28 1.4 1.0 82 1693 76 1287 
Grapevine canes 3.01 32 1.5 1.4 57 1397 78 1083 
1𝑤 and 2𝑤: average peak width in 1D and 2D, respectively;  1nc and 2nc individual peak capacity of the 1D and 2D 
calculated according to Eq. 11; Optimal sampling rate corresponding to 21σ; 2Dnc,practical:  calculated according to 
Eq. 16;  A0: orthogonality; 2Dnc,corrected:practical peak capacity corrected by orthogonality (2Dnc,practical × A0). 
 
3.6.1.3. Interface. 
For all the applications a 10-port, 2-position switching valve equipped with two sampling 
loops of identical internal volume was employed. The minimum required volume of the 
sampling loops directly depends on the 1D flow rate as well as the modulation time, 
considering that the volume of 1D effluent to be transferred will be calculated from the product 
of the 1D flow rate and the total 2D analysis time, which is equal to the modulation time. In 
turn, the modulation time has to be established considering the already mentioned Murphy’s 
rule. This widely-accepted theory establishes that each 1D peak has to be sampled at least 4 
times. Considering that the full width at baseline of a perfectly Gaussian peak is 8σ (being σ its 
standard deviation), a sampling rate of 2σ would be enough to meet with this requirement (see 
Figure 3.2). The applied sampling rates in each application considering the modulation time 
(1.3 min) as well as the average 1D peak width (𝑤�) obtained were 1.7σ, 1.4σ, 1.4σ, and 1.5σ 
min for the separation of grape seeds, apple, chokeberry and grapevine canes, respectively 
(Table 3.1). Thus, although 1.3 min may seem a long modulation time, being a possible cause for 
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severe undersampling with loss of gained 1D resolution, in truth, in every application the system 
was operated well behind the recommended sampling rate by Murphy’s rule. This implies an 
advantage to maintain the resolution of the 1D separation during the transfer process, allowing 
using long enough 2D analysis times to obtain the maximum possible 2D separation and 
resolution (Bedani et al. 2012).  
 
 
Figure 3.2. Schematic representation of the 8σ peak width of a Gaussian chromatographic peak. Dashed lines 
indicate a sampling rate of 2σ corresponding to four cuts per peak. 
 
The influence of the volume of the sampling loops installed in the switching valve, and thus, 
the influence of the fraction solvent transferred onto the 2D separation was studied in the first 
developed application (Section 3.2), in order to reach an appropriate balance between the 
solvent in which the collected fraction was transferred to the 2D (to minimize the solvent 
strength mismatch) and the injection volume in the 2D (to reduce the 2D band broadening). 
This aspect has a huge relevance in the 2D separation since important deleterious band 
broadening effects may be produced in the 2D separations as a result of either the transfer of 
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fractions involving stronger solvents and the injection of large volumes. Consequently, the aim 
of these experiments was to find a compromise between the injection of a fraction diluted as 
much as possible and the injection of a volume as reduced as possible. 
Considering the 1D flow rate and the sampling time, the 1D effluent to be stored in the 
sampling loop was 19.5 µL. Thus, the use of 20 µL-loops would be enough to collect the whole 
fraction; however, in this study, loops with three different volumes (20, 30, 50 µL) were tested. 
The use of loops with larger internal volume than strictly necessary (19.5 µL) allowed filling 
the rest of the available volume with the initial 2D gradient mobile phase achieving a partial 
dilution of the 1D solvent in a completely compatible 2D solvent. This dilution effect allows 
decreasing the overall fraction solvent strength. Loops with an internal volume of 30 µL were 
selected; this volume allowed a significant reduction in the fraction solvent strength, not 
producing any visible peak distortion in the 2D, at the same time that the injection volume (6% 
of total 2D column void volume) was kept to a minimum to avoid band broadening. Based on 
the observed results, this dilution strategy was extended to the rest of applications included in 
the present PhD Dissertation. 
 
3.6.1.4. 2D separation. 
Following the set-up selected for proanthocyanidins separation by LC × LC, short RP columns 
with a broad internal dimeter were selected in the 2D, with the aim to maintain the ratio 
between the internal diameters of 2D and 1D columns (2dc/1dc) as high as possible. It has been 
repeatedly reported that increasing the 2dc/1dc ratio, significantly reduce the problems 
associated to solvent incompatibility (Carr and Stoll 2015; Bedani et al. 2012). 
The use of partially porous columns as well as monolithic columns in the 2D has been pointed 
out as very interesting to carry out fast 2D separations with the higher possible 
efficiency/backpressure relationship. The comparison of the use of these two types of columns 
was carried out for the separation of procyanidins from grape seeds. The tested partially porous 
column showed better efficiency and resolution than the monolithic column, both containing 
C18 functional groups. Although the monolithic column provided with good results allowing 
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smaller pressure drops, the partially-porous materials improved the resolution of some of the 
separated compounds (Figure 3.3). Consequently, that column (50 × 4.6 mm, 2.7 µm) was 
selected for further analyses of complex phenolic polymers.  
However, recent developments on column technology provide different stationary phases 
available with diverse selectivity.  For this reason, the study of different stationary phases 
compatible with RP mode that may confer differential selectivity in the 2D were studied for the 
separation of procyanidins and stilbenoids present in grapevine canes. Namely, C18 and 
pentafluorophenyl (PFP) partially porous columns were tested. Although PFP particles produced 
the same elution order than C18, this column presented unparalleled better retention and 
resolution.  
In spite of using basically the same column in the 2D for the four food-related matrices studied, 
the gradient profiles throughout the 2D analysis were optimized for the different applications. 
In some of them, such as the separation of phenolic compounds in apples, the use of SIF 2D 
gradient was very useful to carry out good 2D separations, giving rise to a better coverage of 
the 2D space, and therefore, giving a higher orthogonality. The use of SIF gradient profiles 
allows a better optimization of the available separation space, since the gradient is modified at 
different parts of the 2D analysis to adapt to the eluting compounds. Besides, the use of SIF 
gradients was also considered during the optimization of the different couplings tested for the 
separation of the grapevine canes. In Figure 3.4, the comparison of using FIF 2D gradient 
(Figure 3.4A) and SIF 2D gradient (Figure 3.4B) in the analysis of grapevine canes using a PEG 
column in the 1D and a C18 column in the 2D is shown. 
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Figure 3.4. 2D plots of the separation of grapevine canes using FIF gradients (A) and SIF (B) gradients in the 2D. 
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3.6.2. CHEMICAL CHARACTERIZATION OF PROANTHOCYANIDINS-RICH FOOD-RELATED 
SAMPLES BY HILIC × RP. 
The analysis of grape seed procyanidins by the developed diol × C18 method enabled the 
separation of 46 compounds. Among them, procyanidins up to DP = 7 were separated thanks to 
the use of a diol column in the 1D, as well as different isomers of procyanidins (up to 5 isomers 
of pentamer monogallate), some of them mono and digalloylated. Some of the tentatively 
identified compounds in grape seeds, such as several mono and digalloylated procyanidins 
with high DP were described for the first time. 
The MS analysis of proanthocyanidins was carried out under negative ionization mode. Under 
this ionization mode was possible to identify the catechin and epicatechin monomers at the 
beginning of the analysis showing an ion at m/z 289 ([M-H]-). After the monomer units, the 
detection of oligomers of procyanidins with increasing DP and galloylation degree was possible 
thanks to their representative [M-H]- as well as their fragmentation pathway. 
Proanthocyanidins can suffer several fragmentation pathways, some of the most common are 
the characteristic retro-Diels-Alder (RDA) reaction, which produces a loss of 152 Da of the 
(epi)catechin units and the heterocyclic ring fission (HRF) that produces a loss of 126 Da. 
Besides, for the identification of the different oligomers, losses of (epi)catechin units and gallic 
acid molecules (-289 and -152 Da, respectively) were observed. 
In the case of apple samples, the diol × C18 analysis revealed the complex apple phenolic 
profile, formed by procyanidins with a DP up to 8, dihydrochalcones, flavonols and 
hydroxycinnamic acids; one of the main novelties provided by the developed methodology was 
the separation and identification of the mentioned compounds, belonging to very different 
phenolic groups, in the same run. All these compounds were identified by their typical UV-Vis 
and their MS and MS/MS spectra. An example of the MS/MS fragmentation of the different 
groups detected in the apple profile is shown in Figure 3.5. As can be observed, procyanidins 
usually show RDA (-152 Da) and HRF (-126 Da) fissions as well as losses of (epi)catechin units 
(Figure 3.5A). In the case of flavonols, they are present as glycosylated compounds, so their 
main fragment corresponds to the aglycone, quercetin at m/z 301 due to the loss of the 
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glycosidic units (Figure 3.5B). The same fragmentation pathway was observed in the case of the 
dihydrochalcones, were the aglycone ion corresponded to phloretin at m/z 273 (Figure 3.5C).  
Moreover, the developed procedure was applied to the comparison of five apple varieties, 
looking for differences on the obtained profiles. This way, characteristic 2D plots were 
obtained for each variety, revealing significant quali- and quantitative differences. These visual 
differences observed in the 2D plots were further confirmed using quantitative colorimetric 
assays.  
Grapevine (Vitis vinifera) canes are a waste of the agrifood industry, which valorization may be 
of interest, considering that these by-products are still rich in bioactive interesting compounds. 
In order to fully understand the potential of this matrix, a HILIC × RP method, based on the 
combination of a diol and C18 columns, was applied to gain deeper knowledge on its 
composition on bioactive compounds. The method developed allowed the separation and 
identification of mono and digalloylated procyanidins with DP up to 3. For example, peak 67 
was tentatively identify as procyanidin trimer digallate presenting a m/z 1167.7 ([M-H]-), and 
fragment ions at m/z 1017, 877, 865 and 725 corresponding with the loss of a gallic acid 
molecule, a (epi)catechin unit, two gallic acid molecules and a (epi)catechin gallate unit, 
respectively, as can be observed in Figure 3.6. 
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Figure 3.5. Schematic MS/MS fragmentation pathway of three different phenolic compounds found in apple: 
procyanidins (A), flavonols (B) and dihydrochalcones (C). 
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Figure 3.6. MS and MS/MS spectra of a procyanidin trimer digallate as well as its proposed fragmentation 
pathway. 
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The very high resolving power that this method provided, also allowed the separation and 
tentative identification of galloylated prodelphinidins for the first time in this sample. An 
example of the identification of these new compounds found in grapevine canes is shown in 
Figure 3.7. 
 As can be observed in Figure 3.7, this compound presented a [M-2H]2- ion at 828.6 and it was 
tentatively identified as prodelphinidin tetramer trigallate thanks to the MS/MS observed 
fragments. 
Besides, by using this method, the separation of another kind of complex polymeric phenolic 
compounds, stilbenes, was also possible. In this regard, the identification of large stilbene 
polymers that had not been previously described in grapevine canes (stilbene hexamers and 
heptamers) was attained. For instance, the presence of a [M-2H]2-at m/z 790.9 was tentatively 
assigned to a resveratrol heptamer. The fragmentation pathway of this compound reveal the 
successive losses of resveratrol units showing losses from 1 to 5 resveratrol units corresponding 
with the m/z ions at 1355 (loss of one resveratrol unit), 1131 (loss of two resveratrol unit), 906 
(loss of three resveratrol unit), 679 (loss of four resveratrol unit) and 451 (loss of five 
resveratrol unit), as schematically represented in Figure 3.8. 
In summary, the relevance of the obtained results lies in the high separation power that LC × 
LC provides, allowing, in a single run, the identification of bioactive compounds in the studied 
by-products.  
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Lastly, an amino × C18 method was developed for the chemical characterization of another 
agrifood by-product, the residue obtained from the chokeberry (Aronia melanocarpa) juice 
industry. In this work, the chemical characterization of procyanidins up to DP = 6, as well as 
some prodelphinidin monomers and dimers with different degree of galloylation was achieved. 
The tentative identification of prodelphinidins in chokeberry was also described for the first 
time in this work. Besides proanthocyanidins, this method was able to separate in the same 
analytical run a wide range of phenolic compounds such as a complex mixture of 
anthocyanins as well as flavonoids and phenolic acids.   
 
In summary, the use of diol × C18 combination has been demonstrated to be a very efficient 
approach for the separation of complex mixtures of proanthocyanidins. These polymeric 
molecules were separated in increasing order of DP in the 1D HILIC-based separation, while in 
the 2D RP-based separation, a distribution as a function of their hydrophobicity was obtained. 
These two separation mechanisms showed very low correlated separation selectivity, allowing 
a good peak coverage of the 2D space. In table 3.1 the orthogonality values as well as the 
practical and corrected peak capacity values of the three diol × C18 methods are presented. On 
the other hand, the amino × C18 coupling also showed a very good orthogonality degree (A0 = 
76%). Moreover, although the developed methods were primarily focused on the separation of 
proanthocyanidins, by carefully optimizing each procedure, the complete polyphenolic profile 
was obtained for the different studied samples. In this regard, a further advantage of the used 
two-dimensional methodology was to obtain the phenolic compounds profile of very complex 
samples in just one run.  
The results obtained in this Chapter open up the possibility for the elucidation and chemical 
characterization of complex mixtures of proanthocyanidins, considering that these phenolic 
compounds are widely distributed in nature, enhancing the current one-dimensional methods 
for the separation of proanthocyanidins through the application of HILIC × RP methods. 
Further development towards quantification would be of very high interest. 
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CHAPTER 4.  
Chemical characterization of  
phlorotannins by  
HILIC × RP-DAD-MS/MS 
 
 
4.2. Separation and characterization of phlorotannins from brown algae Cystoseira abies-
marina by comprehensive two-dimensional liquid chromatography. 
4.3. Anti-proliferative activity and chemical characterization by comprehensive two-
dimensional liquid chromatography coupled to mass spectrometry of phlorotannins from the 
brown macroalga Sargassum muticum collected on North-Atlantic coasts. 
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4.1. INTRODUCTION. 
Algae have been considered as the “plant-based food of the future” (Cardoso et al. 2015) 
because their composition comprises a wide range of interesting nutrients and secondary 
metabolites, mainly lipids and polyunsaturated fatty acids (PUFAs), pigments such as 
carotenoids and chlorophylls, proteins, polysaccharides and phenolic compounds (Stengel et al. 
2011; Herrero et al. 2015). For this reason, algae are nowadays considered as a promising 
source for health promoting compounds. 
From a biological point of view, however, algae are far from being just aquatic plants. There 
are numerous definitions for the organisms commonly considered algae, although some 
common points are that algae are autotrophic photosynthetic organisms. Their classification is 
quite complex, and in fact, the organisms traditionally considered algae may belong to three 
out of the six taxonomic realms for living organisms, Bacteria, Protista and Plantae. As a result 
of the great variability that can be found within algae, these organisms may present dramatic 
morphological differences, involving unicellular microscopic organisms to huge pluricellular 
forms that may be tens of meters long. For this reason, a common way to classify algae 
according to their size implies a division into microalgae (unicellular) and macroalgae, also 
commonly called seaweeds. Among seaweeds, there is also a huge diversity of species that are 
usually classified in three categories according to their composition of pigments: green algae 
(Chlorophyceae), red algae (Rhodophyceae), and brown algae (Phaeophyceae). 
4.1.1. PHLOROTANNINS IN BROWN ALGAE. 
Macroalgae are well-known as a rich source of some polyphenols. Among the different algae 
classes, brown algae are considered those with higher amount of these interesting compounds 
(Heffernan et al. 2015). In fact, brown algae present a variety of phenolic compounds, called 
phlorotannins, that has only been described in this type of seaweeds (Li et al. 2011; Steevensz et 
al. 2012; Isaza Martínez and Torres Castañeda 2013; Stiger-Pouvreau et al. 2014). 
Phlorotannins present a structural function in algae due to their contribution to the formation 
and fortification of the cell wall. Their content on brown algae can reach concentrations 
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ranging 20 to 250 mg g−1 of the algae dry weight (Shibata et al. 2004). Besides, as secondary 
metabolites of algae, other functions have been attributed to these compounds, for instance, a 
protection function against UV radiation, heavy metal chelation activity or antibacterial, 
antifouling and anti-herbivory activity (Amsler and Fairhead 2006). As a consequence of 
theses protective functions, phlorotannins have been studied as potential bioactive compounds 
to produce positive health effects, such as antioxidant, antiproliferative, anti-HIV, anti-
Alzheimer, anti-obesity, antidiabetic or antiallergic effects, among others (Li et al. 2011; 
Montero et al. 2017). In order to determine relationships between the bioactivity observed and 
the compound (or compounds) responsible for that bioactivity, and thus, to study the 
interesting health effects that phlorotannins may confer, an exhaustive chemical 
characterization of these compounds in the original samples is required. This is an essential 
requirement to understand which compounds exert the attributed physiological biological 
action. 
 
4.1.2. CHEMICAL STRUCTURE OF PHLOROTANNINS. 
From a chemical and structural point of view, phlorotannins are complex polymeric phenolic 
compounds composed of phloroglucinol units (PGUs) (1,3,5-trihydroxybenzene), linked to 
each other by different bonds. The molecular size of phlorotannins is in the range of 126 Da 
(for phloroglucinol unit) to 650 KDa (for highly polymerized phlorotannins). Depending on 
the linkages found in their structure, phlorotannins can be classified into: fucols (phenyl 
linkages), phlorethols (ether bonds), fuhalols (ether bonds and additional hydroxyl groups), 
fucophlorethols (with ether and phenyl linkages) and eckols and carmalols (dibenzodioxin 
linkage) (Figure 4.1) (Isaza Martínez and Torres Castañeda 2013). Moreover, the complexity of 
these polymers increases since some brown algae present halogenated phlorotannins (bromo-, 
chloro- and iodo- phlorotannins) (La Barre et al. 2010). 
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Figure 4.1. Chemical structure of phloroglucinol and structural classes of phlorotannins according to the linkage 
between phloroglucinol units.  
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For this reason, the chemical content on phlorotannins in a particular species may reach a very 
high degree of complexity, as a very diverse chemical variety may be found. These technical 
difficulties together with the fact that algae are largely unexplored sources, imply that the 
composition of phlorotannins in brown seaweeds is, to date, essentially unknown. Thus, further 
efforts in the characterization of these compounds are needed; in this sense, advanced 
analytical techniques are required for the study of the complex chemical structure and the 
composition of phlorotannins in individual brown algae species (Heffernan et al. 2015). 
 
4.1.3. CHEMICAL CHARACTERIZATION OF PHLOROTANNINS. 
The structural complexity and diversity of phlorotannin fraction greatly increases as the 
number of PGUs growths as well as with the variety of bond types between units and the 
positions at which they are linked as can be observed in Figure 4.2 (Kim et al. 2013). This level 
of complexity extremely hampers the individual identification and chemical characterization 
of phlorotannins. 
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Different analytical techniques have been employed to separate and identify phlorotannins 
from different brown algae, such as HPLC-DAD-MS (Ferreres et al. 2012; Steevensz et al. 
2012; Wang et al. 2012) or UHPLC-DAD-MS (Tierney et al. 2014; Heffernan et al. 2015). 
Usually, liquid chromatographic separations of phlorotannins are carried out under NP or RP 
modes. However, similar to proanthocyanidins, the polymeric nature of phlorotannins implies 
some limitations on their chromatographic separation. RP separation mode allows the 
separation of relatively short-chain phlorotannins, but presents limited separation power for 
phlorotannins with higher DP and with an increased number of isomers, that usually coelute in 
a big and wide peak at the end of the analysis. On the other hand, the NP polar stationary 
phases produce a more efficient retention of phlorotannins enabling the separation of higher 
polymerized phlorotannins in increasing DP order. However, NP does not provide good 
resolution for the separation of different phlorotannins isomers with the same DP. Likewise, 
very highly polymerized compounds are not separated either, appearing a hump at the end of 
the analysis containing the larger phlorotannin polymers, as can be observed in Figure 4.3 
(Koivikko et al. 2007).  
 
 
Figure 4.3. Example of a NP-HPLC analysis of phlorotannins from the brown alga Fucus vesiculosus. Adapted from 
Koivikko et al. (2007), Copyright 2007 John Wiley & Sons, Ltd.  
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Providing a similar elution pattern than NP, HILIC has also been applied for the separation of 
phlorotannins, achieving a separation in agreement with their DP, up to a limited number of 
PGUs. However, in contrast to NP, HILIC offers “mixed-mode” retention mechanisms (involving 
liquid-liquid partition, hydrogen bonds, cation exchanges and electrostatic interactions) that 
can provide an efficient selectivity of such highly polar compounds (Steevensz et al. 2012). 
Hence, in spite of the efforts made to increase the separation of phlorotannins from brown 
algae, relatively limited characterization of these polymers has been obtained by using one-
dimensional liquid chromatography. To date, only the characterization of phlorotannins with a 
DP up to 16 PGUs with limited capability to separate phlorotannin isomers has been achieved 
(Steevensz et al. 2012; Heffernan et al. 2015). Therefore, only a small proportion of the 
phlorotannin composition of brown algae is being analyzed. This fact demonstrates that MDLC 
might be a potentially useful tool to obtain a better knowledge of the greatly complex chemical 
structure of phlorotannins as well as on their native composition within individual macroalgae 
species. 
 
4.1.4. DETECTION OF PHLOROTANNINS. 
 The most employed detectors coupled to LC for the characterization of phlorotannins are DAD 
and MS. When DAD is employed, usually the detection of phlorotannins is recorded at 280 nm 
(Koivikko et al. 2007; Ferreres et al. 2012). Considering that UV spectra of phlorotannins 
slightly varies as the DP increases, as well as the polymeric nature of these compounds and 
their huge variety of isomers together with the lack of available commercial standards, make 
the identification and quantification of the individual compounds an unattainable task.  
The use of MS and MS/MS in the analysis of phlorotannins provides information about the DP 
of the molecules thanks to the determination of the molecular weight. Moreover, in some cases, 
such as for eckols, fuhalols, hydroxyfuhalols or halogenated phlorotannins, is also possible to 
obtain some compositional information by closely studying their fragmentation pathways. 
Hence, in practice, the use of MS becomes essential for the elucidation of the number of PGUs 
of each separated compound and for the determination of some phlorotannin types (Koivikko 
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et al. 2007; Steevensz et al. 2012; Heffernan et al. 2015). Nevertheless, the specific structure of 
each phlorotannin as well as the linkages between the different PGUs within the molecule is 
not achievable from the MS spectra because, commonly, every phlorotannin with the same DP 
presents the same molecular weight, independently of the linkage type(s) present in the 
molecule. Besides, to obtain a good ionization of the different phlorotannins, a good separation 
prior MS analysis is required, due to fact that very complex mixtures like those of highly 
polymerized phlorotannins could lead to ionization suppression.  
In summary, from the information described in this Section 4.1, MDLC methods coupled to MS 
may alleviate some of the important issues related to phlorotannin analysis found at present. 
This way, new methods providing increased separation power as well as enhanced 
detection/identification capability could be developed and applied to increase the available 
knowledge on the presence of these complex compounds in brown algae.  In this Chapter 4, the 
optimization and application of on-line LC × LC methods to chemically characterize the 
complex phlorotannin composition from two brown algae, Cystoseira abies-marina (Section 
4.2) and Sargassum muticum (Section 4.3), are presented. To our knowledge, these Sections 
show the first applications of on-line LC × LC for the analysis of phlorotannins. Thanks to the 
use of this technique, phlorotannins belonging to different types (namely, fuhalols, 
hydroxyfuhalols and phlorethols) with DP up to 17 PGUs could be separated and identified in 
the studied brown algae. 
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Separation and characterization of
phlorotannins from brown algae Cystoseira
abies-marina by comprehensive
two-dimensional liquid chromatography
Phlorotannins are an important class of polyphenolic compounds only found in brown
algae. The chemical analysis of these bioactive polyphenols is rather difficult due to the
great chemical variability and complexity of the natural composition of these components
in algae, forming large phloroglucinol polymers. In the present work, a new approach
based on the use of comprehensive 2D LC (LC × LC) is shown to analyze this complex
family of compounds. The developed LC × LC methodology is based on the coupling
of a hydrophilic-interaction LC (HILIC)-based separation in the first dimension and an
RP-based separation in the second dimension. The employment of this online coupling
together with DAD and MS/MS allowed the separation and identification of more than
50 compounds in a Cystoseira abies-marina brown alga extract. Phlorotannins containing
from 5 to 17 phloroglucinol units were identified in this sample by HILIC × RP-DAD-
MS/MS. Besides, using the 2,4-dimethoxybenzaldehyde assay, it was possible to determine
that the total amount of phlorotannins present in the extract was 40.2 mg phloroglucinol
equivalents per gram of extract. To our knowledge, this work is the first demonstration of
the usefulness of HILIC × RP-DAD-MS/MS for the determination of phlorotannins.
Keywords:
Brown algae / Cystoseira abies-marina / LC × LC / Phlorotannins / Polymeric
polyphenols DOI 10.1002/elps.201400133
 Additional supporting information may be found in the online version of thisarticle at the publisher’s web-site
1 Introduction
Brown algae (Phaeophyceae) contain a typical kind of sec-
ondary metabolites that are classified within the phenolic
compounds family, called phlorotannins. These compounds,
which may reach a high percentage of the algae dry mass
(up to 15%) [1], are formed as polymers of phloroglucinol
(1,3,5-trihydroxybenzene) of different size and composition.
There exist four main classes of phlorotannins: fuhalols and
phlorethols, containing an ether linkage; fucols, containing a
phenyl linkage; fucophlorethols, with an ether and a phenyl
Correspondence: Dr. Miguel Herrero, Laboratory of Foodomics,
Institute of Food Science Research (CIAL, CSIC), Nicolas Cabrera
9, Campus de Cantoblanco, 28049 Madrid, Spain
E-mail: m.herrero@csic.es
Fax: +34-910-017-905
Abbreviations: D1, first dimension; D2, second dimen-
sion; DMBA, 2,4-dimethoxybenzaldehyde; HILIC, hydrophilic-
interaction LC; LC× LC, comprehensive 2D LC; PFP, pentaflu-
orophenyl; PGU, phloroglucinol units
linkage; and eckols, which possess a benzodioxin linkage [2].
Besides, it is also possible to find quite complex chemical vari-
ability with compounds containing different degree of poly-
merization as well as structure (linearly linked or branched).
It is widely accepted that phlorotannins are components of
the algal cell walls that may be forming complexes with al-
ginic acid, although it is not completely clear if they exert a
chemical defense function or just an influence on cell wall
construction [2]. The genus Cystoseira comprises more than
30 species and it is one of the most important brown algae
genera found in the Mediterranean Sea and Atlantic Ocean
ecosystems. Cystoseira abies-marina is one of the species al-
ready identified as possessing some interesting compounds,
such as meroterpenoids [3] and fucoxanthin [4], although it is
also a good potential source of phenolic compounds, includ-
ing phlorotannins.
These latter compounds have recently raised attention as
algae have been pointed out as a potential source of bioactive
compounds potentially useful for the food and pharmaceuti-
cal industries [5]. In this regard, some research has already
Colour Online: See the article online to view Fig. 1 in colour.
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hinted that phlorotannins may confer with different bioac-
tivities, including antibacterial [6, 7], antidiabetic [8], antipro-
liferative [9], anti-inflammatory [10], antioxidant [11–13], as
well as chemopreventive activity [14]. Consequently, there is
a great interest in determining these compounds in the dif-
ferent species of brown algae that may contain them. Due
to the huge chemical variability already mentioned, the anal-
ysis of these components is quite complex, and it is rather
common to roughly estimate the phlorotannins content in
algae by using colorimetric methods [10, 15–17]. To partially
solve the problems associated to those methods, mainly, the
little information on chemical composition that they provide
as well as the relatively low accuracy associated to most col-
orimetric methods, some approaches involving the use of
LC-based methods have been developed [17–20], frequently
using MS-based detection. Considering the high degree of
hydrophilicity of these polymeric compounds, hydrophilic-
interaction LC (HILIC) methods have also been recently ap-
plied [2, 21] with the aim to increase the resolution among
the different phlorotannins contained in complex algal sam-
ples. Despite these efforts, the chemical characterization of
brown algae in terms of phlorotannins composition is not
well known yet [22].
The use of multidimensional techniques, such as com-
prehensive 2D LC (LC × LC), may be an effective alternative
to carry out this kind of characterization of very complex
samples. In fact, this technique has already been shown to
possess a great potential to analyze complex food and natural
samples [23, 24]. LC × LC is based on the online coupling of
two independent separation mechanisms through which the
whole sample is analyzed. In this sense, different couplings
may be employed in the two dimensions, including, for ex-
ample, RP, normal phase, or HILIC-based separations [25].
Our group has previously presented two novel LC × LC ap-
proaches to separate and identify procyanidins, which are
also polymeric phenolic compounds, from complex food ma-
trices such as grape seeds [26] and apples [27], combining the
use of a HILIC separation in the first dimension (D1) and
an RP approach in the second dimension (D2) together with
the employment of MS/MS detection. This type of approach
allowed the separation in terms of degree of polymerization
in the D1 and according to differential hydrophobicity in the
D2. Following this idea, the aim of the present work is to
develop a newmethod based on a HILIC × RP-DAD-MS/MS
coupling to separate and identify the phlorotannins present
in C. abies-marina brown algae. To the best of our knowledge,
this is the first time that an LC × LC method is developed
and used to analyze phlorotannins.
2 Materials and methods
2.1 Samples and chemicals
Cystoseira abies-marina brown algae were obtained from the
Spanish Bank of Algae (Marine Biotechnology Center, Uni-
versity of Las Palmas de Gran Canaria, Gran Canaria, Spain).
Algae were sun-dried and stored protected from oxygen, light,
and moisture until use.
ACN, methanol, dichloromethane, and 2-propanol were
of HPLC-grade and acquired from VWR Prolabo (Barcelona,
Spain), whereas acetonewas fromLab-Scan (Dublin, Ireland).
Acetic acid, formic acid, and 2,4-dimethoxybenzaldehyde
(DMBA) were obtained from Sigma Aldrich (Madrid, Spain).
Hydrochloric acid was acquired from Probus (Barcelona,
Spain), whereas ammonium acetate was supplied from Pan-
reac (Barcelona, Spain). Ultrapure water quality (resistivity of
18.2 Mcm at 25°C) with 1–5 ppb total organic carbon was
produced in-house using a laboratory water purificationMilli-
Q Synthesis A10 system fromMillipore (Billerica, MA, USA).
Phloroglucinol and quercetin rutinoside reference standards
were purchased from Extrasynthe`se (Genay, France).
2.2 Sample preparation
The extraction of the phenolic compounds from C. abies-
marina was carried out employing a previously described
protocol slightly modified [21]. Briefly, the alga was freeze-
dried (LyoBeta 15, Telstar, Terrassa, Spain) and ground. A
total of 30 g of the dried powder was extracted with 300 mL of
acetone/water (70:30, v/v) bymagnetic stirring during 45min
in darkness. Afterwards, the supernatant was decanted and
the remaining residue was extracted three times more with
100 mL of solvent. The supernatants were pooled and the
acetone was removed by rotary evaporation (Rotavapor R-210,
Buchi Labortechnik, Flawil, Switzerland). Next, the aqueous
extract was defatted three times with dichloromethane (1:1,
v/v), collecting the aqueous phases. The phenolic fraction of
the aqueous extract was concentrated using Discovery DSC-
18 6 mL SPE cartridges (Supelco, Bellefonte, PA, USA). SPE
cartridges were conditioned with 12 mL of methanol and 18
mL of water. Then, 12.5 mL of sample was loaded in the
SPE cartridge, rinsed with 20 mL of water, and finally, the
polyphenols were eluted with 30 mL of acetone/water (70:30,
v/v). Lastly, acetone was evaporated again by rotary evapora-
tion, and the remaining aqueous extract was lyophilized.
2.3 Determination of total phlorotannins
To estimate the amount of total phlorotannins content in the
brown alga, the DMBA colorimetric assay was employed [10].
Briefly, a DMBA solution was prepared just prior use by mix-
ing equal volumes of 2% DMBA reagent in acetic acid m/v
and 6% hydrochloric acid in acetic acid v/v. A total of 50 L
of sample (0.075 mg/mL) was mixed with 250 L of DMBA
solution in a 96-well microplate. The reaction was conducted
at room temperature in the dark for 60 min. After this time,
the absorbance was read at 515 nm using a microplate spec-
trophotometer reader Powerwave XS (Bio Tek,Winooski, VT,
USA). Blanks with 50 L of water instead of sample and con-
trol samples without DMBA solution were also included. All
samples, blanks, and controls were prepared in triplicate. The
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concentration of total phlorotanninswas estimated froma cal-
ibration curve using phloroglucinol (0.98–62.5 g/mL). Data
were presented as the average of triplicate analyses expressed
asmilligram phloroglucinol equivalents per gram drymatter.
2.4 LC × LC analysis of phlorotannins
2.4.1 Instruments
LC × LC analyses were carried out on an Agilent 1200 series
liquid chromatograph (Agilent Technologies, Santa Clara,
CA, USA) equipped with a DAD and an autosampler. A Pro-
tecol flow splitter (SGE Analytical Science, Milton Keynes,
UK) was placed between the D1 pumps and the autosampler
in order to have robust and reproducible low flow rates and
gradients in the D1. Besides, an additional LC pump (Agilent
1290 Infinity) was coupled to this instrument to perform the
D2 separations, hyphenated through an electronically con-
trolled two-position ten-port switching valve. An Agilent 6320
Ion Trap mass spectrometer equipped with an electrospray
interface was coupled online and operated in negative ion-
ization mode using the following conditions: dry tempera-
ture, 350°C; mass range, m/z 90–2200 Da; dry gas flow rate,
12 L/min; nebulization pressure, 40 psi. The LC data were
elaborated and visualized in two and three dimensions using
LC Image software (version 1.0, Zoex, Houston, TX, USA).
2.4.2 LC × LC separation conditions
Samples were prepared at 12 mg/mL of the extract obtained
as described in Section 2.2 in MeOH/ACN (3:7, v/v) and fil-
tered through 0.45 mnylon syringe filters (Ana´lisis vı´nicos,
Tomelloso, Spain) before injection.
In the D1, a Lichrospher diol-5 (150 × 1.0 mm, 5 m
particle diameter, HiChrom, Reading, UK) column was em-
ployed with a precolumn with the same stationary phase. The
flow rate employed was 15 L/min. The mobile phases were
(A) ACN/acetic acid (98:2, v/v) and (B)methanol/water/acetic
acid (95:3:2, v/v/v) used according to the following gradient:
0 min, 0% B; 3 min, 0% B; 5 min, 7% B; 30 min, 15% B;
70 min, 15% B; 75 min, 25% B; 85 min, 25% B. The injection
volume was 20 L.
In the D2, two different columns were tested, namely
an Ascentis Express C18 partially porous column (50 ×
4.6mm, 2.7mparticle diameter, Supelco) with a C18 precol-
umn, and a Kinetex pentafluorophenyl (PFP) partially porous
particles column (50 × 4.6 mm, 2.6 m particle diameter,
Phenomenex, Torrance, CA, USA). During the whole LC ×
LC separation, 78 s repetitiveD2 gradientswere employed, be-
ing also 78 s themodulation time programed in the switching
valve. The wavelength used to monitor the separations was
280 nm, although UV–Vis spectra were collected from 190 to
550 nm during the whole analysis using a sampling rate of
20 Hz in the DAD. The MS was operated under negative ESI
mode. Themobile phases employed in theD2 analysis of both
columns consisted of water (0.1% formic acid, A) and ACN
(B) eluted according to the following gradients: 0 min, 0% B;
0.1 min, 10% B; 0.6 min, 30% B; 0.8 min, 50% B; 0.9 min,
70% B; 1 min, 90%; 1.01 min, 0% B; 1.3 min, 0% B for the
C18 column, and 0min, 0%B; 0.1min, 5% B; 0.3min, 20%B;
0.8 min, 40% B; 0.9 min, 70% B; 1min, 90%; 1.01min, 0% B;
1.3 min, 0% B for the PFP column. The flow rate employed
was always 3 mL/min. The flow eluting from the D2 column
was splitted before entering the MS instrument, so that the
flow rate introduced in the MS detector was 600 L/min.
3 Results and discussion
Phorotannins estimation is commonly carried out by using
colorimetric methods [10,15,16]. In this work, the DMBA as-
say was used as a starting point to determine the phlorotan-
nins content in the C. abies-marina extract (see Section 2.3).
Using this approach, the amount of phlorotannins deter-
mined was 40.2 mg phloroglucinol equivalents per gram ex-
tract. Asmentioned above, comprehensive 2D coupling using
a HILIC-based separation in the D1 and an RP-based separa-
tion in the D2 could potentially solve many of the problems
commonly encountered when analyzing phlorotannins. This
combination is characterized by providing a high degree of
orthogonality [26] at the same time that completely miscible
mobile phases are employed in the two dimensions. Besides,
the capabilities of HILIC followed by RP-LC to separate com-
plex mixtures of polymeric phenolic compounds have been
already shown, both using online [26, 27] and off-line cou-
plings [28,29]. Moreover, the online approach followed by the
direct hyphenation to several detectors, such as DAD andMS
detectors, gives rise to a powerful analytical system whose
use is mandatory if complex samples have to be analyzed. In
this work, a HILIC × RP-DAD-MS/MS approach is proposed
to characterize the phlorotannins composition from brown
algae. Since the sample as well as the target compounds have
not been previously studied using this approach, a complete
optimization of the separation and coupling conditions was
first needed.
3.1 HILIC-based D1 separation optimization
The LC × LC instrument setup employed in this work is
based on the use of two identical injection loops installed in a
ten-port two-position switching valve that is used as modula-
tor. This devicemakes possible the physical coupling between
both dimensions. Under this configuration, one of the injec-
tion loops injects the eluate collected from the D1 to the D2
whereas the other loop is collecting new eluate, so that the
complete collection and transfer of the whole effluent from
the D1 to the D2 is performed. This implies that each D2 sep-
aration should be completely finished before the collecting
injection loop is filled with the D1 eluate. For this reason, in
this kind of couplings, the use of microbore columns in the
D1 is highly recommended. By using this kind of columns,
a very low D1 flow rate can be employed, in order to give
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enough time for the D2 separation to be completed while the
transfer volume is maintained as small as possible. To per-
form the HILIC separation in the D1, a microbore column
with diol particles was selected.
To carry out the optimization of the separation, the whole
phlorotannins purified extract from C. abies-marina was in-
jected and the conditions previously employed to separate
the complete profile of apple polyphenols were used [27].
As expected, under these conditions, using a flow rate of
15 L/min, the separation obtained was not satisfactory.
Next, different new gradients using the same mobile phases
(A, ACN/acetic acid 98:2, v/v; B, methanol/water/acetic acid
95:3:2, v/v/v) as well as other different mobile phases were
tested. Namely, 10 mM ammonium acetate (pH 9) was also
tested as mobile phase B as well as other different propor-
tions of methanol and water in that mobile phase. After a
close study of the obtained profiles, the mobile phases (A)
ACN/acetic acid (98:2, v/v) and (B) methanol/water/acetic
acid (95:3:2, v/v/v) were selected optimizing next the gra-
dient in order to obtain a better separation of this com-
plex sample (see Section 2.4.2.). In Supporting Information
Fig. 1, a comparison is shown between the initial (Support-
ing Information Fig. 1A) and the final selected conditions for
the D1 analysis (Supporting Information Fig. 1B). As can be
observed, the separation of the complex profile obtained is
not completely resolved. It is interesting to mention that, at
this stage of the LC × LC optimization, a complete baseline
separation of all the components in the D1 is not aimed, but
only to obtain a good distribution of all of them in the time,
to be able to collect those peaks and inject them, and separate
their components in the D2.
3.2 RP-based D2 separation optimization
For the D2, two different types of stationary phases and
columns were studied with the aim to compare their per-
formances under LC × LC conditions. Namely, a partially
porous C18 short column that had already shown its potential
in LC× LC [26,27,30,31] and a partially porous PFP short col-
umn that has been pointed out as a possible new alternative
for the efficient separation of phenolic compounds [32, 33].
In this regard, the optimization of the final analytical con-
ditions in each case was carried out separately. To do that,
the whole sample was directly injected in the D2 column.
Although these analytical conditions are not exactly equal to
those taking place during the LC× LC analysis, in which only
fractions of the sample will be separated in each D2 analysis,
this step injecting the whole sample will provide important
information on the D2 conditions that produce a better sepa-
ration of the sample components. Once these conditions are
selected, further confirmation or fine tuning of the separation
conditions is needed for directly performing 2D analyses.
Themobile phases selectedwerewater (0.1% formic acid,
A) and ACN (B) for both C18 and PFP columns, although dif-
ferent gradients were chosen. The use of other solvents in
the mobile phase B, such as 2-propanol in different propor-
tions or mixtures between ACN and methanol, did not im-
prove the separations obtained and significantly increased
the backpressure obtained (mainly when 2-propanol was
used).
3.3 Overall HILIC × RP optimization and method
performance
Once the two dimensions were optimized separately, the fine
tuning of the coupling conditions was performed. To do that,
two identical 30 L internal volume injection loops were in-
stalled in the ten-port two-position switching valve acting as
modulator. This internal volume allowed the complete trans-
fer of eluate from the D1 to the D2 in eachmodulation period
(1.3 min, 19.5 L). In this regard, it is worth to mention that
although 20 L loops would have been enough to collect all
the effluent in the modulation time, we have previously ob-
served a beneficial influence when the injection volume in
the D2 of HILIC × RP methods was slightly increased [26].
These observations were also confirmed in the present ap-
proach. In fact, the dilution of the eluent from the D1 with
D2 mobile phase (up to 30 L) just before the injection per-
mitted to minimize the negative effects on band broadening
and retention derived by using as injection solvent a stronger
solvent than the initial mobile phase. It is necessary to re-
mark that under LC × LC conditions, being an online sys-
tem, the injection solvent in the D2 is fixed by the D1 and
cannot be modified. Moreover, the setup was completed by
coupling an MS detector at the exit of the DAD after the D2
separation. Considering the high flow rates used in the D2,
the inclusion of a flow splitter was necessary in order to re-
duce the flow rate entering the ESI interface to 600 L/min,
which is more suitable for a proper ionization of the target
compounds.
Subsequently, the C. abies-marina phlorotannins extract
was injected and analyzed using the two different optimized
setups, namely diol × C18 and diol × PFP configurations.
Figure 1 shows the obtained 2D-plots corresponding to both
configurations. As it can be observed in this figure, both
setups were able to provide adequate separations of such a
complex mixture. The separation in the D1 (same conditions
for both configurations)was produced according to the degree
of polymerization of phlorotannins, whereas in the D2, the
separation was obtained in terms of relative hydrophobicity.
It is possible to observe in the figures how the use of LC ×
LC permits the resolution of coelutions in both dimensions,
such as the coelution of peaks 12, 13, 14, and 17 in the D1,
or the coelution of peaks 21, 30, 33, and 44 in the D2 (see
Fig. 1A), making possible the separation of components that,
otherwise, would not be separated using monodimensional
separations.
Although the separation mode and mobile phases were
the same, it can be clearly observed how the two tested
columns produced different profiles under the selected
conditions, showing differential retention. This ismainly due
to the use in the PFP short column of fluorine atoms in the
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Figure 1. Two-dimensional plot (280 nm) of the Cystoseira abies-marina phlorotannins extract obtained using the optimized diol × C18
setup (A) and the diol × PFP setup (B). Areas marked correspond to phlorotannins containing the same number of phloroglucinol units
(PGU). For peak identification, see Table 1.
periphery of a phenyl ring, which are highly electronegative,
in contrast to the long C18 alkyl chain. As it can be appre-
ciated in the figure, using the C18 column, a better separa-
tion among the different peaks could be obtained in the D2
(Fig. 1A), compared to the PFP column (Fig. 1B). To the best
of our knowledge, this is the first application of a PFP column
in LC × LC, showing acceptable capabilities for its coupling
to HILIC separations. Comparing the two separations, dif-
ferent peak capacities values can be obtained. It is important
to remark that this value is just a theoretical measure of the
performance of the system that does not necessarily describe
what actually happens in practice. In fact, although there are
several methods for measuring peak capacity in an LC × LC
system, normally, it is assumed that the peaks are homoge-
neously distributed across the 2D plane, which is obviously
a great source of error. Anyhow, this value helps to compare
different LC × LC setups or methods. In this regard, the two-
dimensional peak capacity (nc2D) was measured for the two
instrumental setups under the optimized conditions, obtain-
ing values of theoretical peak capacity [34] of 1248 and 902 for
the diol × C18 and diol × PFP configurations, respectively.
Following the approach developed by Li et al. [35], which
considers the D2 time cycle as well as the influence of under-
sampling of the D1 eluate, the values obtained for the diol ×
C18 and diol × PFP were 992 and 739, respectively, showing
the great potential capabilities of both developments. Peak
capacity values also show the better performance of the C18
column in the D2 compared to the PFP column under the
selected conditions.
3.4 Cystoseira abies-marina phlorotannins
characterization
As already mentioned, the main difficulty to analyze
phlorotannins is the great heterogeneity and chemical vari-
ability within this family of compounds due to the differen-
tial degree of polymerization as well as the diverse bonds
between monomers. In this regard, the use of LC × LC al-
lows the attainment of a distribution along the D1 in order to
separate smaller groups of components into the D2. Table 1
summarizes the information corresponding to the assigned
compounds. As it can be observed in Table 1, phlorotannins
from a degree of polymerization of 5 phloroglucinol units
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Table 1. Peak assignments of the purified Cystoseira abies-marina phlorotannins extract analyzed using the diol × C18 setup under
optimized conditions
Peak Identification Total tR (min) D2 tR(s) ± SD [M−H]− [M−2H]2− Main MS/MS fragments
1 Phlorotannin–5 PGU 33.07 34.10 ± 0.22 621.6 603, 495, 373, 229
2 Phlorotannin–5 PGU 38.22 31.08 ± 0.14 621.4 603, 479, 353, 247, 229
3 Phlorotannin–5 PGU 38.26 33.33 ± 0.13 621.0 603, 495, 373, 247, 229
4 Phlorotannin–5 PGU 39.52 31.17 ± 0.15 621.7 603, 246, 229
5 Phlorotannin–5 PGU 39.60 35.83 ± 0.16 621.8 603, 495, 230
6 Phlorotannin–5 PGU 39.63 37.60 ± 0.15 621.3 601, 495, 371, 229
7 Phlorotannin–5 PGU 39.65 38.90 ± 0.10 621.3 601, 495, 371, 229
8 Phlorotannin–5 PGU 39.67 40.30 ± 0.10 621.5 601, 495, 229
9 Not identified 41.25 56.98 ± 0.32 941.3 897, 855, 693, 400, 319
10 Phlorotannin–6 PGU 42.17 34.02 ± 0.26 745.4 728, 229
11 Phlorotannin–6 PGU 43.57 40.13 ± 0.15 745.2 727, 601, 479, 353, 229
12 Phlorotannin–7 PGU 44.79 34.88 ± 0.64 869.4 853
13 Phlorotannin–7 PGU 44.81 36.63 ± 0.10 869.4 852
14 Phlorotannin–7 PGU 44.84 38.45 ± 0.10 869.2 851
15 Quercetin rutinoside 44.94 44.23 ± 0.14 609.2 301, 270, 178
16 Not identified 45.26 63.50 ± 0.18 955.9 937, 849, 794
17 Phlorotannin–7 PGU 46.21 42.30 ± 0.10 869.2 852
18 Phlorotannin–8 PGU 48.71 36.70 ± 0.13 993.5 975, 849, 743
19 Phlorotannin–8 PGU 48.74 38.33 ± 0.13 993.9 975, 849
20 Phlorotannin–8 PGU 48.76 39.48 ± 0.13 993.5 975, 849, 743, 621
21 Phlorotannin–8 PGU 48.84 44.38 ± 0.08 993.3 975, 849, 743, 621
22 Phlorotannin–9 PGU 51.29 35.58 ± 0.08 1117.5 1099, 1081, 869, 851, 727, 603
23 Phlorotannin–9 PGU 51.37 40.20 ± 0.10 1117.9 1099, 869, 727
24 Phlorotannin–9 PGU 51.39 41.25 ± 0.00 1117.5 1099, 869, 727, 619
25 Phlorotannin–9 PGU 51.47 46.33 ± 0.03 1117.4 1099, 869, 727, 619
26 Phlorotannin–10 PGU 53.92 36.88 ± 0.23 1241.6 1223, 1205, 993, 975, 603
27 Phlorotannin–10 PGU 53.93 38.15 ± 0.09 1241.8 1223, 1205, 975, 833
28 Phlorotannin–10 PGU 54.02 43.32 ± 0.03 1241.9 1223, 993, 975, 869, 744
29 Phlorotannin–10 PGU 54.10 48.05 ± 0.00 1241.5 1223, 1099, 975, 849, 726, 601
30 Phlorotannin–11 PGU 55.36 45.15 ± 0.17 1365.8 1347, 1117, 991, 868, 727, 618
31 Phlorotannin–11 PGU 55.43 49.52 ± 0.19 1365.5 1347, 1117, 991, 867, 723
32 Phlorotannin–11 PGU 56.58 40.53 ± 0.13 1365.4 1329, 1099, 975, 849
33 Phlorotannin–11 PGU 56.65 45.15 ± 0.05 1365.7 1347, 1117, 973, 867, 727
34 Not identified 57.89 40.55 ± 0.10 1043.8 1025, 925, 907
35 Phlorotannin–12 PGU 57.98 46.88 ± 0.08 1489.6 1453, 1223, 1100
36 Phlorotannin–12 PGU 58.05 50.92 ± 0.24 1490.2 1471, 1453, 1241, 1223, 1115, 867
37 Not identified 59.06 33.65 ± 0.13 1017.3 999, 909, 869, 851
38 Not identified 59.08 34.93 ± 0.08 1018.0 999, 909, 869, 851
39 Phlorotannin–12 PGU 59.21 42.35 ± 0.00 744.3 1241, 1223, 1117, 993, 867, 726, 619, 229
40 Not identified 60.53 43.85 ± 0.17 1017.4 999, 981, 927, 909, 869, 851, 621, 305
41 Phlorotannin–13 PGU 60.61 48.25 ± 0.05 808.4 1453, 1365, 1242, 1116, 1099, 993, 975, 867, 745, 619
42 Phlorotannin–13 PGU 60.69 52.80 ± 1.39 807.6 1365, 1223, 1115, 993, 975, 867, 745, 619, 350, 229
43 Not identified 61.84 44.52 ± 0.14 1142.6 1123, 1051, 1033, 975, 891, 755, 495
44 Not identified 61.86 45.67 ± 0.15 1141.6 1123, 1106, 1051, 1033, 975, 849, 769, 745, 648, 478
45 Phlorotannin–14 PGU 61.93 49.63 ± 0.16 1737.0 1493, 1243, 975, 852
46 Phlorotannin–14 PGU 62.01 53.62 ± 0.73 869.4 1489, 1471, 1241, 991, 850
47 Phlorotannin–15 PGU 63.19 46.65 ± 0.82 930.8 1613, 1594, 1366, 975, 921, 795, 744
48 Phlorotannin–16 PGU 64.49 47.35 ± 0.10 992.6 1737, 1594, 1239, 974, 477
49 Phlorotannin–16 PGU 64.51 48.42 ± 0.08 992.6 1738, 1719, 1598, 1469, 1239, 1095, 975, 354
50 Phlorotannin–16 PGU 64.57 51.85 ± 0.15 992.6 1737, 1720, 1594, 1239, 974, 477
51 Phlorotannin–16 PGU 65.81 48.52 ± 0.15 992.6 1737, 1720, 1490, 974, 931, 622, 494
52 Phlorotannin–17 PGU 65.89 52.95 ± 0.15 1054.0
For peak numbers, see Fig. 1.
PGU: phloroglucinol units.
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Figure 2. MS spectrum and
MS/MS fragmentation pattern
of peak 3 (phlorotannin with
five PGU) as well as the
tentatively proposed chemical
structure.
Figure 3. MS spectrum and
MS/MS fragmentation pattern
of peak 39 (phlorotannin with
12 PGU) as well as the
tentatively proposed chemical
structure.
(PGU) up to 17 PGU were separated and assigned. In total,
43 different phlorotannins were tentatively identified accord-
ing to theirMS andMS/MS spectra as well as their position in
the 2D plane. Besides, a flavonoid, quercetin rutinoside, was
also found in the extract. Additionally, eight other compounds
were detected in the sample, although no proper identifica-
tion of these compounds was possible. The highest num-
ber of compounds of a same degree of polymerization corre-
sponded to five PGU (peaks 1–8), whereas the most intense
compound was a phlorotannin containing seven PGU (peak
13). Phorotannins of less than five PGU were not detected,
in line with the phlorotannins composition in other brown
algae, where just high degree of polymerization phlorotan-
nins were found [21].
Phlorotannins assignment was performed thanks to the
detection of typical [M–H]− ions together with MS/MS frag-
ments corresponding to phlorotannin structures. Phlorotan-
nins containing five PGU were detected as [M–H]− at
m/z 621, with typical fragments of m/z 603 corresponding
to the loss of water, m/z 495 in agreement with the loss of a
phloroglucinol,m/z 373 assigned to the loss of two PGU, and
m/z 228 that corresponded to a dehydrated fragment contain-
ing two PGU. Figure 2 shows the MS spectra as well as the
MS/MS fragmentation pattern of peak 3 aswell as its tentative
chemical structure (branching not unequivocally confirmed).
Similar losses and fragmentswere detected for phlorotannins
with 6–11 PGU, except in the compounds containing 7 PGU
from which no fragments were clearly produced beyond the
loss of a water molecule.
On the other hand, phlorotannins having 13–17 PGU
were detected as doubly charged ions, as can be observed in
Table 1. The different ion charge states were detected thanks
to the presence of specific ions in the MS spectra, as it is
highlighted in Figs. 2 and 3 (see in the MS spectra, the iso-
topes of the molecular ion separated by a difference of 1 or
0.5 for the singly charged or doubly charged, respectively).
These latter multicharged compounds were also identified
according to the detection of different fragments correspond-
ing to phlorotannin fragments of smaller PGU, which al-
low confirming the identifications. For example, in the case
of phlorotannins of 13 PGU, a doubly charged ion was de-
tected atm/z 807 indicating the possible presence of this type
of polymer. The fragmentation pattern of that ion produced
ions at m/z 1365 (11 PGU), 1115 (9 PGU), 993 (8 PGU), 975
(8 PGU dehydrated), 867 (7 PGU), 745 (6 PGU), 619 (5 PGU),
and228 (2PGUdehydrated) that completed the identification.
The same behavior was observed for one of the phlorotannins
containing 12 PGU (peak 39), as shown in Fig. 3. Moreover,
as previously indicated, the relative position of each peak in
the 2D plane helped to conclude the identification; as can
be observed in Fig. 1B, the different polymers were clearly
separated according to their degree of polymerization along
the D1 analysis time, the compounds of a similar size being
grouped together.
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4 Concluding remarks
This contribution shows the first application of LC× LC to an-
alyze phlorotannins, a family of complex algal polyphenolic
compounds. The coupling between a HILIC-based separa-
tion in the D1 and an RP-based separation in the D2 provides
a high degree of orthogonality at the same time that pro-
duces a distribution according the degree of polymerization of
phlorotannins in the D1 that facilitates their separation in the
D2. The optimized HILIC × RP-DAD-MS/MS approach has
been demonstrated to be useful for the separation and iden-
tification of more than 50 compounds in a C. abies-marina
brown alga extract. Besides, two different setups involving
different D2 columns were tested. Although partially porous
C18 column produced the best results in terms of separation
capabilities, a partially porous PFP column was also applied
for the first time in an LC × LC development, with acceptable
results. Once this method has been developed and its appli-
cability demonstrated, its future use can be expected for the
determination of phlorotannins in different brown algae as
well as for determination of the influence of the algal growing
conditions on the composition of these bioactive compounds,
which currently is an important analytical challenge.
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a  b  s  t  r  a  c  t
In the present  work,  the  phlorotannin  composition  of  different  Sargassum  muticum  samples  collected
at  different  locations  along  the  North  Atlantic  coasts  as well  as the  bioactivities  related  to  these  com-
ponents  were  investigated.  After  pressurized  liquid  extraction,  the  samples  collected  at the extreme
locations  of  a latitudinal  gradient  from  Portugal  and  Norway,  were  found  to  be the  richest  on  total  phe-
nols and,  particularly,  on  phlorotannins,  containing  up  to 148.97  and  5.12  mg  phloroglucinol  equivalents
g−1,  respectively.  The  extracts  obtained  from  these  locations  were  further  puriﬁed  and  chemically  char-
acterized  using  a modiﬁed  HILIC  ×  RP-DAD-MS/MS  method.  The  application  of  this  methodology  allowed
the  tentative  identiﬁcation  of  a great  variability  of phlorotannins  with  different  degrees  of polymerization
(from  3 to  11)  and  structures,  determined  for  the ﬁrst  time  in S. muticum.  The  most-abundant  phlorotan-
nins  on these  samples  were  fuhalols,  hydroxyfuhalols  and  phlorethols,  showing  also  particularities  andhlorotannins
argassum muticum
important  differences  depending  on  the  geographical  location.  Afterwards,  the  antiproliferative  activ-
ity of  these  extracts  against  HT-29  adenocarcinoma  colon  cancer  cells  was studied.  Results  revealed
that  the  richest  S. muticum  samples  in terms  of total  phlorotannins,  i.e.,  those from  Norway,  presented
the  highest  activity,  showing  a  good  cytotoxic  potential  at concentrations  in the  medium  micromolar
range.
©  2015  Elsevier  B.V.  All  rights  reserved.. Introduction
Phlorotannins are polyphenolic compounds widely recognized
o be exclusive from brown seaweeds (Phaeophyceae) [1]. This
articular type of polyphenols comprises a very heterogeneous
roup of polymeric compounds with a great chemical variability
2]. The interest of these compounds is related to their associated
ioactivities, such as antioxidant [3–5], anti-inﬂammatory [6],
nti-bacterial [7,8], antidiabetic [9] or anti-adipogenic [10], among
thers. Moreover, their potential anti-proliferative activity has
∗ Corresponding author. Tel.: +34 910 017 946; fax: +34 910 017 905.
E-mail address: m.herrero@csic.es (M. Herrero).
ttp://dx.doi.org/10.1016/j.chroma.2015.07.053
021-9673/© 2015 Elsevier B.V. All rights reserved.been pointed out by several researches [11–13]. Phlorotannin con-
tent in brown algae can reach up to 15% of dry weight, depending on
species, and they may  be found in free form or forming complexes
with different components of the cell walls, such as alginic acid
[14]. From a purely chemical point of view, phlorotannins are made
up of phloroglucinol (1,3,5-trihydroxybenzene) units with varying
degrees of polymerization that may  be linked through different
bonds forming several structures and types, namely: fuhalols and
phlorethols, which contain ether linkages; fucols, with phenyl link-
ages; fucophlorethols in which both ether and phenyl linkages are
present; and eckols, that possess a benzodioxin linkage. Although
their presence in brown algae is widely accepted, it is rather
difﬁcult to ﬁnd studies in which the complete characterization of
such complex polymeric structures is carried out. In fact, several
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pproaches have been attempted for the structural elucidation of
hlorotannins in their native form; for instance, Stiger-Pouvreau
t al. [15] employed one- and two-dimensional nuclear magnetic
esonance (NMR) (1H, heteronuclear multiple bond correlation)
ogether with in vivo NMR  (high-resolution magic-angle spinning,
R-MAS NMR) analyses, to structurally elucidate and ﬁngerprint
hlorotannin signals in different Sargassaceae species. Results
evealed that these techniques were useful for discriminating
mong species, giving a differentiated proﬁle but only determining
he class of phlorotannins in the sample, without elucidating the
ntire structure of any compound. In a recent work carried out in
ur laboratory [16], a new comprehensive two-dimensional liquid
hromatography coupled to DAD and tandem mass spectrometry
LC × LC-DAD-MS/MS) methodology was developed based on the
oupling of a hydrophilic-interaction chromatography (HILIC)-
ased separation in the ﬁrst dimension and an RP-based separation
n the second dimension that allowed the separation and identiﬁca-
ion of more than 50 compounds in a Cystoseira abies-marina brown
lgal extract. By using this approach, phlorotannins containing from
 to 17 phloroglucinol units were identiﬁed in this sample [16]. The
pplication of this methodology to S. muticum could therefore imply
 deﬁnitive step forward for the characterization of its phlorotannin
omposition.
S. muticum is an invasive brown macroalga widely spread
long the European Atlantic coasts [17] Although native from
apan, this macroalga grows well in a variety of different envi-
onments, being in fact, one of the most readily available
argassaceae species in Europe. Considering its availability and
he fact that the presence of phlorotannins in S. muticum com-
osition has been already conﬁrmed [5,8], this seaweed has
een pointed out as a potential sustainable source of bioactive
ompounds.
Different methods have been tested to extract phlorotan-
ins from brown algae; the classical procedure [1] involves a
olid–liquid extraction with large volumes of aqueous mixtures
f ethanol or methanol for a long time. New green processes
ave been previously shown to be suitable for the extraction of
ioactive compounds from a variety of different natural sources
18]; among them, centrifugal partition extraction (CPE), super-
ritical ﬂuid extraction (SFE) and pressurized liquid extraction
PLE) have been employed, and compared to classical solid-
iquid extraction, to obtain bioactive phenolic compounds from
. muticum [5]. Results demonstrated that PLE can be employed
ith advantages for obtaining extracts rich in phenolic com-
ounds from brown algae, with high efﬁciency and complying
ith the rules of green chemistry. On the other hand, in a recent
ork carried out in our laboratory, enzyme-assisted extraction
EAE) was studied and compared to an optimized PLE process
o try to increase the recovery of phenolic compounds from
. muticum [19]. This study showed that EAE did not signiﬁ-
antly improve the results directly attainable through the use of
LE.
Thus, in the present work, the previously optimized PLE process
19] was applied to the extraction of phlorotannins from S. muticum
amples collected at 13 different locations along the North-Atlantic
oasts (Portugal, Spain, France, Ireland and Norway) with the aim
o study the inﬂuence of the growing conditions on the chemi-
al composition of the extracts. The extracts were characterized
n terms of total phenol content, total phlorotannin content and
ntioxidant activity. Besides, a comprehensive two-dimensional
iquid chromatography (LC × LC) method was optimized and
pplied to the richest samples to chemically characterize for the
rst time the native complex phlorotannin composition of S.
uticum. Moreover, these extracts were also assayed to test their
otential anti-proliferative activity against human colon cancer
ells.. A 1428 (2016) 115–125
2. Materials and methods
2.1. Samples and chemicals
Samples of the brown alga S. muticum were collected from April
to May  2011 in 13 different sites of ﬁve European Atlantic coast
countries (Portugal, Spain, France, Ireland and Norway) as already
described in Tanniou et al. [8]. The algae were rinsed ﬁrstly with
ﬁltered seawater and then with distilled water to remove the resid-
ual sediments and salts. After that, the samples were dried with
absorbent paper and cut into fragments before their freeze-drying.
Finally the dry material was  powdered and sieved at 250 m.
The solvents employed were HPLC-grade. Acetonitrile, ethanol,
methanol and acetone were acquired from VWR  Chemicals
(Barcelona, Spain), whereas dichloromethane was  acquired from
Fluka AG (Buchs, Switzerland) and ethyl acetate from Scharlau
(Barcelona, Spain). Ultrapure water was  obtained from a Millipore
system (Billerica, MA,  USA).
Gallic acid, phloroglucinol, acetic acid, formic acid, 2,4-dime-
thoxybenzaldehyde (DMBA), 6-hydroxy-2,5,7,8-tetramethylch-
roman-2-carboxylic acid (Trolox) and 2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid (ABTS) were purchased from
Sigma–Aldrich (Madrid, Spain). The Folin–Ciocalteu phenol reagent
was provided by Merck (Darmstadt, Germany). Hydrochloric acid
was obtained from Probus (Barcelona, Spain). For inhibition of
cell proliferation assays, dry puriﬁed extracts were dissolved in
dimethyl sulfoxide (DMSO) (Sigma–Aldrich) at the appropriate
concentrations and stored as aliquots at −80 ◦C until use.
2.2. Pressurized liquid extraction (PLE)
Firstly, extractions of freeze-dried and ground S. muticum sam-
ples from 13 different localizations along the North-Atlantic coasts
were performed using an accelerated solvent extractor (ASE 200,
Dionex, Sunnyvale, CA, USA), equipped with a solvent controller
unit. For each extraction, an 11 mL  stainless steel extraction cell
was employed to load the sample. The extraction cell bottom was
loaded with 1 g of sea sand, followed by 1 g of dried brown alga
being mixed with the same quantity of sea sand. Subsequently, 1 g
of sea sand was  added on top as dispersive agent. Before the static
extraction period, an instrumentally preset warming-up time of
6 min  was  used. The extraction conditions applied were based on
a previous optimization [19], including the use of ethanol:water
(95:5) as extraction solvent at 160 ◦C and 10.3 MPa  for 20 min.
Each extraction was  carried out by duplicate. After the extraction
process, the ethanol was removed by evaporation (Rotavapor R-
210, Buchi Labortechnik AG, Flawil, Switzerland) and ﬁnally, the
extracts were freeze-dried (Labconco Corporation, MO)  and kept in
the darkness at −20 ◦C until analysis.
2.3. Phlorotannins puriﬁcation procedure
In order to obtain concentrated phlorotannin extracts, a puriﬁ-
cation protocol previously reported by Stiger-Pouvreau et al. [15]
was applied to the S. muticum samples from Norway and Portugal.
The dried extracts were re-dissolved in water and submitted to a
liquid-liquid extraction with dichloromethane (1:1, v/v) in order
to eliminate the lipidic compounds and chlorophylls present in
the extract, repeating this step several times until a colorless non-
polar fraction was obtained. After that, successive precipitations
of proteins and carbohydrates were carried out with acetone and
ethanol, respectively, ending with the elimination of the organic
solvent using a gentle stream of nitrogen. Finally, phlorotannins
were extracted from the water fraction with three rinses with
equivalent volumes of ethyl acetate. The ethyl acetate fractions
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ere pooled and the solvent was evaporated under a stream of
itrogen.
.4. In-vitro determinations
.4.1. Total phenol content (Folin–Ciocalteu method)
Total phenol content of the PLE extracts and the puriﬁed
xtracts were measured by the Folin–Ciocalteu method developed
y Kosar et al. [20] with some modiﬁcations. Brieﬂy, 10 L of
ample (10 mg  mL−1 in methanol) were transferred to 600 L of
ater, and then 50 L of undiluted Folin–Ciocalteu reagent were
dded. After 1 min, 150 L of 20% (w/v) Na2CO3 were added and
he volume was made up to 1 mL  with water. The reaction was
ncubated at 25 ◦C for 2 h and then 300 L of the mixture were
ransferred to a 96-well microplate. The absorbance was measured
t 760 nm in a microplate spectrophotometer reader Powerwave XS
Bio Tek Instruments, Winooski, VT) and compared to a phloroglu-
inol calibration curve (62.5–2000 g mL−1). The phenolic content
as expressed as mg  of Phloroglucinol Equivalents (PGE) per g
xtract. Moreover, total phenol content was also expressed as %
ry weight of algae. All analyses were done by triplicate.
.4.2. Total phlorotannin content (DMBA assay)
To estimate the total phlorotannin content of the algal PLE and
uriﬁed extracts, the DMBA colorimetric assay was  employed [6].
MBA solution was prepared just prior to use by mixing equal vol-
mes of 2% DMBA reagent in acetic acid (w/v) and 6% hydrochloric
cid in acetic acid (v/v). A total of 50 L of sample (5 mg  mL−1) was
ixed with 250 L of DMBA solution in a 96-well microplate and
he reaction was conducted at room temperature for 60 min  in the
ark. Then, the absorbance was read at 515 nm using a microplate
pectrophotometer reader Powerwave XS (Bio Tek, Winooski, VT,
SA). Water was used as blank and control samples without DMBA
olution were also included. A calibration curve using phloroglu-
inol (PG) (0.1–46.0 g mL−1) was employed to estimate the total
hlorotannin content. All samples, blanks, and controls were pre-
ared in triplicate. Data are presented as the average of triplicate
nalyses expressed as milligram phloroglucinol equivalents (PGE)
er gram of dry extract.
.4.3. Trolox equivalents antioxidant capacity assay (TEAC)
The antioxidant capacity of the algal extracts was estimated
ith the TEAC assay following the ABTS method based on the pro-
edure described by Re et al. [21]. ABTS•+ radical was  produced
y mixing 7 mM ABTS and 2.45 mM potassium persulfate allowing
heir reaction during 16 h in the dark at room temperature. The
queous ABTS•+ solution was diluted with 5 mM phosphate buffer
pH 7.4) until an absorbance of 0.7 (±0.02) at 734 nm was achieved.
0 L of sample (5 different concentrations ranging from 0.25 to
 mg  mL−1) and 1 mL  of ABTS•+ solution were mixed in an eppen-
orf vial and 300 L of the mixture were transferred into a 96-well
icroplate. The absorbance was measured at 734 nm every 5 min
uring 45 min  in a Powerwave XS microplate spectrophotometer
eader (BioTek). Trolox was used as reference standard and results
ere expressed as TEAC values (mM  Trolox g−1 extract). These val-
es were obtained from ﬁve different concentrations of each extract
ested in the assay giving a linear response between 20 and 80% of
he blank absorbance. All analyses were done in triplicate.
.5. Anti-proliferative activity against human colon cancer cells
Human colon cancer cell line HT-29 was used in order to mea-
ure the anti-proliferative activity of Norway and Portugal puriﬁed
xtracts. HT-29 cells obtained from the ATCC (American Type Cul-
ure Collection, LGC Promochem, UK) were grown in McCoy’s 5A
edium supplemented with 10% heat-inactivated fetal calf serum,. A 1428 (2016) 115–125 117
50 U mL−1penicillin G, and 50 U mL−1streptomycin, at 37 ◦C in
humidiﬁed atmosphere and 5% CO2. Cell viability was determined
using MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Brieﬂy, HT-29 cells were seeded onto 96-well cul-
ture plates at 10,000 cells cm−2, and permitted to adhere overnight
at 37 ◦C. Cells were treated with the vehicle (medium with 0.2%
DMSO) or different concentrations of Sargasssum muticum puri-
ﬁed extracts (from 12.5 to 100 g mL−1) for 24, 48 and 72 h.
After incubation with the extracts, the medium was aspirated and
0.5 mg  mL−1 of MTT  reagent (Sigma–Aldrich) was added to the cells
and incubated for 3 h at 37 ◦C in humidiﬁed 5% CO2/air atmosphere.
The medium was  then removed, and the purple formazan crys-
tals were dissolved in 100 L of DMSO. The absorbance at 570 nm
was measured in a microplate reader (MultiskanTM FC Microplate
Photometer, Thermo Fisher Scientiﬁc, Vantaa, Finland). Results are
shown as the mean ± 95% conﬁdence interval of at least three inde-
pendent experiments, each performed in triplicate. Cell viability at
the beginning of the treatment (time zero) was used to calculate
the following parameters related to cell proliferation: GI50 (50%
growth inhibition), TGI (total growth inhibition), and LC50 (50%
cell death). These parameters were calculated according to the NIH
deﬁnitions [22].
2.6. Comprehensive two-dimensional liquid chromatography
(LC × LC) analysis of phlorotannins
2.6.1. Instrumentation
An Agilent 1200 series liquid chromatograph (Agilent Technolo-
gies, Santa Clara, CA) equipped with an autosampler and a diode
array detector was  used in the ﬁrst dimension (D1) of the LC × LC
setup. In order to obtain more reproducible low ﬂow rates and
gradients, a Protecol ﬂow-splitter (SGE Analytical Science, Milton
Keynes, UK) was placed between the ﬁrst dimension pump and
the autosampler. An additional LC pump (Agilent 1290 Inﬁnity)
was coupled to perform the second dimension (D2) separations.
Both instruments were hyphenated through an electronically con-
trolled two-position ten-port switching valve equipped with two
30 L injection loops. An Agilent 6320 Ion Trap mass spectrometer
equipped with an electrospray interface was online coupled and
operated in negative ionization mode using the following condi-
tions: dry temperature, 350 ◦C; mass range, m/z 90–2200 Da; dry
gas ﬂow rate, 12 L min−1; nebulization pressure, 40 psi. The LC data
were elaborated and visualized in two  and three dimensions using
LC Image software (version 1.0, Zoex, Houston, TX, USA).
2.6.2. LC × LC separation conditions
Samples of puriﬁed extracts of S. muticum from Portugal and
Norway were prepared at 50 mg  mL−1 in methanol/acetonitrile
(3:7, v/v) from the dry extract obtained as described in Section 2.3.
D1 separation was  run on a Lichrospher diol-5 (150 × 1.0 mm,
5 m d.p., HiChrom, Reading, UK) column, following the separa-
tion conditions developed in our previous work [16]. Brieﬂy, the
mobile phases were (A) acetonitrile/acetic acid (98:2, v/v) and (B)
methanol/water/acetic acid (95:3:2, v/v/v) eluted at 15 L min−1
according to the following gradient: 0 min, 0% B; 3 min, 0% B; 5 min,
7% B; 30 min, 15% B; 70 min, 15% B; 75 min, 25% B; 85 min, 25% B.
The injection volume was 5 L.
D2 consisted on 78 s-repetitive gradients during the whole
LC × LC separation, being modulation time of the switching valve
also 78 s. In the D2 separation an Ascentis Express C18 (50 × 4.6 mm,
2.7 m,  d.p., Supelco, Bellefonte, CA) partially porous column with
a C18 precolumn was employed, using as mobile phases water (0.1%
formic acid, A) and acetonitrile (B) eluted according to the follow-
ing repetitive gradients: 0 min, 0% B; 0.1 min, 0% B; 0.3 min, 5% B;
0.8 min, 70% B; 0.9 min, 90% B; 1.0 min, 0% B. The ﬂow rate was
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Table  1
Extraction yield (%), total phenol content (mg  PGE g−1 extract), total phlorotannin content (mg  PGE g−1 extract) and antioxidant activity (mmol TE g−1 extract, TEAC assay)
of  the brown macroalga Sargassum muticum PLE extracts according to their collection location. Values presented are mean ± sd. Superscripts mean groups not statistically
different (p > 0.05) for each response.
Location Extraction yield (%) Total phenol content
(mg  PGE g−1)A
Total phenol content (%
DWalgae)B
Total phlorotannins
(mg PGE g−1)C
TEAC value (mmol
TE g−1)D
France
F1 23.7 ± 0.3 75.43 ± 1.56a 1.783 ± 0.029d 3.297 ± 0.337c 0.983 ± 0.018c,d
F2 17.5 ± 0.4 58.19 ± 3.31b 1.016 ± 0.070a 2.606 ± 0.036a 0.652 ± 0.013a
F3 27.4 ± 2.5 78.55 ± 0.51a 2.150 ± 0.157f 3.380 ± 0.163c 1.091 ± 0.017e
Portugal
P1 24.9 ± 0.1 145.02 ± 3.05e 3.604 ± 0.060h 4.088 ± 0.239d 2.101 ± 0.047g
P2 23.2 ± 0.5 119.27 ± 1.39f 2.768 ± 0.068g 4.127 ± 0.129d 1.828 ± 0.025f
Spain
S1 18.7 ± 0.1 79.29 ± 134a 1.481 ± 0.030b,c 2.629 ± 0.091a 0.919 ± 0.023b
S2 16.2 ± 0.2 77.19 ± 1.64a 1.248 ± 0.022a,b 2.477 ± 0.139a 0.943 ± 0.033b,c
S3 15.5 ± 0.1 80.46 ± 1.38a,c 1.245 ± 0.026a,b 2.567 ± 0.075a 0.923 ± 0.016b
Ireland
I1 21.3 ± 0.7 86.60 ± 2.44c 1.844 ± 0.064d,e 2.933 ± 0.090b 1.106 ± 0.020d
I2 21.8 ± 0.6 78.39 ± 5.57a 1.710 ± 0.156c,d 2.670 ± 0.335a 0.889 ± 0.011b
I3 22.3 ± 1.0 94.08 ± 0.96d 2.098 ± 0.077e,f 3.462 ± 0.095c 1.068 ± 0.007e
Norway
N1 31.5 ± 0.3 148.97 ± 0.85e 4.696 ± 0.034i 5.115 ± 0.145e 2.297 ± 0.050h
N2 31.6 ± 1.4 146.44 ± 4.54e 4.639 ± 0.274i 4.839 ± 0.134f 2.090 ± 0.032g
A mg  phloroglucinol equivalents g−1 extract.
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C mg  phloroglucinol equivalents g−1 extract.
D mmol Trolox equivalents g−1 extract.
 mL  min−1. UV–vis spectra of the second dimension eluent were
egistered in the range of 190–550 nm using a sampling rate of
0 Hz, while 280 nm was the wavelength used to monitor the sep-
rations. The MS  was operated under negative ESI mode. The ﬂow
luting from the second dimension column was split before the
S  instrument, so that the ﬂow rate entering the MS  detector was
00 L min−1.
.7. Statistical analysis
IBM SPSS Statistics software v.19 was employed for data elab-
ration and statistical analysis using a level of signiﬁcance set
t 95%. One-way analysis of variance (ANOVA), together with
tudent–Newman–Keuls test, was employed to group samples,
ased on statistically signiﬁcant differences. Mean values were
ompared using the Tukey’s test and differences were considered
tatistically signiﬁcant if p < 0.05.
. Results and discussion
.1. Inﬂuence of growing conditions on phlorotannin content
In order to study the inﬂuence of the particular growing condi-
ions on the chemical composition of the S. muticum extracts, an
ptimized PLE procedure was applied to 13 different algal sam-
les collected along the North-Atlantic coasts, including Portugal,
pain, France, Ireland and Norway locations. The extraction pro-
edure applied included the use of ethanol:water (95:5, v/v) as
xtraction solvent at 160 ◦C and 10.3 MPa  for 20 min. The extracts
btained were ﬁrstly characterized in terms of total phenol con-
ent, total phlorotannin content and antioxidant activity. Table 1
ummarizes the results obtained; as can be clearly observed, the
xtraction yield gives a ﬁrst hint regarding the different composi-
ions of the macroalgae studied, not only between countries and
istant geographical locations but also within some areas, as in
he case of the samples collected on the French coast. The high-
st extraction yields were obtained with the samples collected in
orway, whereas those collected in Spain possessed the lowest
mount of dried matter. As for total phenols, samples collected in
orway possessed the highest amount of total phenols, followed by
hose harvested in Portugal. These values were signiﬁcantly higher
han the ones obtained for the rest of locations. S. muticum samples
ollected in France possessed the lowest amount of total phenols,
ess than half of those of the richest samples. Although smaller,statistically signiﬁcant differences (p < 0.05) were also observed
among the samples collected in the same country, except those
collected in Spain and Norway, that could be considered statis-
tically similar (p > 0.05). Next, total phlorotannin contents were
estimated in the different extracts; the trend found was  rather sim-
ilar to that of total phenols, that is, the samples collected in Norway
and Portugal were the richest. In any case, signiﬁcant differences
were observed between these two  countries. For the samples col-
lected from the rest of countries, the values found were closer and
lower than those found in the Norwegian samples. As in the case
of total phenols, intra-country variations (p < 0.05) were observed
for the total phlorotannin contents, excepting for those from Spain
and Portugal. Previous ﬁngerprints obtained by HR-MAS NMR  and
FT-IR for the same samples yielded similar conclusions about inter-
and intra-site variability [23].
Lastly, the antioxidant capacity of the obtained extracts was
determined using the TEAC assay. A good correlation was found
between the TEAC values obtained and the total phenols and
total phlorotannin contents determined in the extracts. In agree-
ment, the most active extracts were obtained from the samples
collected in Norway and Portugal, whereas the rest of extracts pos-
sessed lower antioxidant capacity (Table 1). Results obtained in the
present work were, in general, well in accordance with those previ-
ously presented on S. muticum samples [8] in terms of percentage
of total phenols per g of dried algae (Table 1). Samples collected
in Norway and Portugal were those with higher % of total phenols
with respect to the initial dry algae employed, whereas the rest of
countries possessed very similar contents (Table 1). However, in the
present work, a higher content was  found for Norwegian samples
compared to those harvested in Portugal. These small differences
observed between the two  studies could be due to the different
extraction process employed to achieve the phenolic-rich extracts.
Looking at the results summarized in this section, it seemed
clear that the algae growing in the most extreme locations of this
latitudinal gradient along the North-Atlantic coasts, i.e., Norway
and Portugal, were the most interesting from a chemical composi-
tion perspective. For this reason, the samples collected in those
countries (four geographical locations in total) were selected to
carry out an in-depth chemical characterization as well as to study
their potential anti-proliferative activity. This activity has already
been related to the presence of phenolic compounds in general and
phlorotannins in particular [12,13].
To do that, a puriﬁcation protocol was applied as described
in Section 2.3 in order to further enrich the selected extracts in
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ILIC  × RP-MS/MS method. For peak identiﬁcation, see Table 2.
hose compounds prior analysis. This puriﬁcation protocol was
roperly optimized, studying the most inﬂuencing variables. To
o that, different approaches were studied, including precipitation
ith several solvents (hexane, dichloromethane, ethyl acetate),
se of SPE (different stationary phases) and molecular weight
ractionation or combinations thereof. The optimum conditions
ere selected according to the best results observed in the two-
imensional LC analysis and involved a sample clean-up with
ichloromethane followed by precipitations using acetone and
thanol ﬁnishing with an ethyl acetate extraction. After this proce-
ure, the total phlorotannin content of the enriched extracts was
ore than double for Norwegian samples and around 1.5 times
he initial content in Portuguese samples, being 11.730 ± 0.141,
2.461 ± 0.264, 5.906 ± 0.324 and 6.4217 ± 0.355 mg  PGE g−1 for
he samples N1, N2, P1 and P2, respectively.
.2. Chemical characterization of phlorotannins by
C × LC-ESI-MS/MS.
Although the determination of total phlorotannins using the
MBA colorimetric method is able to provide a general estimation
f the phlorotannin amount found in the extract, this assay is not
ble to provide any information about the chemical structure of
hose compounds. The structural variability known in phlorotan-
ins (see introduction), that includes 5 chemical classes, could be
herefore linked to their bioactivity. For this reason, in order to
lucidate the compounds present in the most active S. muticum
xtracts, a LC × LC approach was used. We  have previously pre-
ented the ability of this analytical tool to separate and tentativelyollected in Norway (A, sample N1 and B, sample N2) obtained using the optimized
identify phlorotannins of other brown algae, C. abies-marina,
reaching degrees of polymerization of 17 phloroglucinol units
(PGU) [16]. By using a combined HILIC separation in the ﬁrst
dimension (D1) and a RP-based separation in the second dimen-
sion (D2), 52 different phlorotannins could be effectively separated
in C. abies-marina extracts. Considering that C. abies-marina is a
closely related species to S. muticum, both belonging to the family
Sargassaceae within the class Phaeophyceae, this method was
employed as starting point for the optimization of the separation
of the puriﬁed phlorotannins’ extracts from S. muticum collected
in Portugal and Norway. Different experimental conditions were
tested in the two dimensions; D1 optimization included the use
of microbore silica, diol and amino columns as well as different
combination of acetonitrile and 10 mM ammonium acetate at
several pH (6.6 and 8.0). The second dimension optimization
was based on the study of several columns (i.e, C18 monolithic
column, and C18 and PFP short partially porous columns) using
different ﬂow rates, mobile phases and analysis time. As for the
combination of the two  dimensions, once the conditions were
optimized separately, several transfer volumes (20, 30 and 50 L)
and modulation times (1.3, 1.5 and 2.0 min) were studied.
After the optimization of all the separation conditions, the diol
column was selected for the D1 HILIC. Moreover, the best separa-
tion conditions for the D2 included the use of a short C18 partially
porous column adapting the gradient employed to the complex-
ity and composition of the samples studied (see Section 2.6.2).
Figs. 1 and 2 show the two-dimensional plots obtained (280 nm)
for the samples collected in Norway and Portugal, respectively,
under optimized the experimental conditions. At ﬁrst sight it is
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Table  2
Tentative peak assignment of the compounds separated by LC × LC-ESI-MS/MS found in the S. muticum samples collected in Norway.
Peak Identiﬁcation D2 tR (s) Total tR (min) [M-H]- Main MS/MS fragments detected
1 Trifuhalol 40.30 27.97 389.0 375, 265, 245
2  Trifuhalol 41.85 30.60 389.0 375, 265, 245
3  Trifuhalol 42.00 34.50 389.1 375, 265, 245
4  NI* 45.50 34.56 448.5 415, 385, 321, 245, 196
5  NI 47.10 34.59 566.6 533, 389, 306, 244, 193
6  NI 50.75 34.65 564.3 526, 437, 373, 331, 202
7  NI 55.95 34.73 571.9 526, 449, 383, 319, 261, 193
8  NI 57.30 34.76 625.0 581, 498, 388, 258
9  Hydroxytetrafuhalol 45.30 35.86 529.8 512, 404, 389, 343, 262
10  Hydroxytetrafuhalol 47.10 35.89 529.1 513, 405, 387, 345, 264
11  NI 50.40 35.94 572.6 538, 511, 446, 318, 164
12  Pentafuhalol 53.70 36.00 637.1 621, 513, 385, 262
13  Tetrafuhalol 47.15 37.19 513.0 391, 373, 264, 245, 219
14  Hydroxytetrafuhalol 48.40 37.21 529.4 483, 465, 401, 389, 262, 245
15  Tetrafuhalol 41.60 38.39 513.4 389, 265, 245
16  Pentaphlorethol 52.05 38.57 621.5 603, 493, 357, 245
17  Hydroxytetrafuhalol 52.15 38.58 529.4 513, 389, 262
18  NI 55.25 38.32 590.5 570, 545, 466, 437, 401, 245
19  Tetrafuhalol 43.50 38.43 513.8 389, 263, 245
20  Tetrafuhalol 45.25 38.45 513.3 389, 263, 245
21  Tetrafuhalol 49.50 38.53 513.8 387, 263, 245
22  NI 52.40 38.57 683.3 648, 555, 509, 415, 387, 263, 245
23  NI 57.85 38.66 590.3 573, 547, 446, 333, 245, 195
24  Dihydroxytetrafuhalol 44.45 39.74 545.4 525, 513, 484, 403, 389, 375
25  NI 48.35 39.81 683.9 651, 557, 509, 387, 621, 245
26  NI 49.80 39.83 683.1 652, 543, 389, 302, 263, 245
27  NI 51.30 39.86 588.8 571, 522, 441, 380, 278, 246
28  Hydroxytetrafuhalol 40.20 40.97 529.5 465, 403, 389, 341, 263, 245
29  Hydroxytetrafuhalol 43.35 41.02 529.3 511, 403, 389, 263, 245
30  Pentafuhalol 46.45 41.07 637.3 621, 513, 373
31  Pentafuhalol 50.55 41.14 637.5 633, 513, 273
32  NI 52.30 41.17 807.3 775, 681, 541, 509, 385, 244
33  Pentafuhalol 44.05 42.33 637.3 621, 513, 497, 389
34  Pentafuhalol 46.30 42.37 637.4 513, 374
35  Hexaphlorethol 51.50 42.46 745.3 727, 619, 603, 371, 355, 309
36  NI 51.65 42.46 807.2 775, 757, 681, 509, 385, 245
37  Hydroxypentafuhalol 45.35 43.66 653.8 638, 527, 513, 466, 389, 263, 245
38  Dihydroxypentafuhalol 42.60 44.91 669.6 623, 527, 465, 403, 385, 341, 261
39  Dihydroxypentafuhalol 43.60 44.93 669.6 623, 543, 527, 465, 402, 385, 341, 260
40  Hydroxypentafuhalol 48.65 45.01 653.6 637, 527, 387, 245
41  Hexafuhalol 50.10 45.03 761.6 637
42  Hexafuhalol 50.40 45.04 761.3 745, 637, 498, 389, 245
43  Heptaphlorethol 53.00 45.08 869.2 851, 745, 728, 603, 245
44  Hexafuhalol 53.30 45.09 761.3 747, 637, 621, 513, 497, 245
45  Dihydroxypentafuhalol 47.15 46.29 669.8 621, 541, 527, 463, 401, 337, 271
46  Dihydroxyhexafuhalol 50.00 46.33 793.1 775, 731, 651, 527, 511, 403, 387
47  Hydroxyhexafuhalol 43.65 47.53 777.7 651, 637, 529, 511, 387, 261, 245
48  Dihydroxyhexafuhalol 46.00 47.57 793.3 775, 669, 653, 527, 403, 389, 262
49  Hydroxyhexafuhalol 47.85 47.60 777.3 763, 655, 529, 515, 388
50  NI 50.60 47.64 947.3 915, 821, 651, 527, 385
51  NI 54.00 47.70 894.2 830, 766, 625, 568
52  Dihydroxyhexafuhalol 49.15 48.92 793.7 777, 652, 589, 554, 511, 390, 311
53  Trihydroxyhexafuhalol 47.75 50.20 809.7 791, 765, 747, 667, 543, 527, 405
54  Dihydroxyheptafuhalol 51.90 50.27 917.1 873, 855, 838, 791, 775, 731, 713, 651, 513, 387
55  Octafuhalol 54.94 50.32 1009.2 994, 968, 887, 872, 747, 621
56  Dihydroxyhexafuhalol 42.80 51.41 793.3 667, 653, 529, 403, 387, 263
57  Dihydroxyhexafuhalol 47.80 51.49 794.2 774, 667, 653, 529, 403, 387, 263
58  Hydroxyheptafuhalol 51.70 51.56 901.8 857, 775, 761, 637, 511, 387
59  Dihydroxyhexafuhalol 49.50 52.83 793.9 773, 668, 653, 529, 403
60  Trihydroxyheptafuhalol 53.05 52.88 933.8 889, 793, 747, 651, 525, 385
61  Nonafuhalol 53.25 52.89 1133.9 1115, 1007, 993, 885, 869, 760, 745, 620
62  Nonafuhalol 56.15 52.94 1133.7 1117, 1009, 995, 887, 870, 853, 761, 745, 622
63  Dihydroxyheptafuhalol 45.45 52.76 917.5 874, 777, 651, 527, 387
64  Trihydroxyheptafuhalol 51.90 52.87 933.4 914, 889, 792, 748, 650, 529
65  Trihydroxyoctafuhalol 54.20 52.90 1057.2 1008, 915, 793, 652, 527, 387
66  Dihydroxyheptafuhalol 45.25 54.05 917.5 899, 874, 791, 775, 651, 527, 387
67  Dihydroxyheptafuhalol 51.75 54.16 917.7 873, 791, 777, 653, 527, 387
68  Trihydroxyoctafuhalol 54.05 54.20 1057.3
69  Decafuhalol 56.75 54.25 1257.7 1239, 1133, 1117, 1007, 885, 624, 573, 387
70  Dihydroxyheptafuhalol 47.30 55.39 917.1 897, 873, 791, 777, 731, 653, 527, 389
71  Dihydroxyoctafuhalol 54.90 55.52 1041.3 979, 915, 901, 853, 777, 731, 651, 637, 528, 389
72  Decafuhalol 57.50 55.56 1257.7
73  Dihydroxynonafuhalol 55.00 56.82 1165.7 1146, 1040, 1025, 917, 899, 777, 653, 637, 389
*NI, not identiﬁed.
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ILIC  × RP-MS/MS method. For peak identiﬁcation, see Table 3.
ossible to observe that the proﬁles obtained were signiﬁcantly
ifferent as expected considering the different locations and asso-
iated environmental conditions such as sea surface temperature
8–10 ◦C for Norway and 18–20 ◦C for Portugal) and photosyntheti-
ally available radiation (35–40 mol  photons m−2 day−1 for Norway
nd 40–45 mol  photons m−2 day−1 for Portugal) [8]. Tables 2 and 3
ummarize the data corresponding to the separated compounds
n the Norwegian and Portuguese samples, respectively, as well
s the tentative assignments of the peaks observed; a ﬁrst com-
arison between samples shows important differences in terms of
hlorotannin composition.
For instance, samples harvested in Norway were more complex
n terms of number of components. As can be observed in Table 2,
hlorotannins with a polymerization degree up to 10 units were
ound. Even if the separation performance achieved was quite sat-
sfactory, the identiﬁcation of phlorotannins is a very tough task
ue to their huge chemical variability. In these samples, fuhalol-
nd hydroxyfuhalol-type phlorotannins were the most-frequently
lucidated components, although phlorethols with diverse degree
f polymerization were also present (peaks 16, 35 and 43). These
wo types of phlorotannins are characterized by being formed
rom phloroglucinol units linked through ether bonds; the dif-
erence between phlorethols and fuhalols is the presence of one
r more additional hydroxyl groups on the terminal monomer
nit [24]. As shown in Table 2, different fuhalols were found in
he Norwegian samples, starting from a degree of polymeriza-
ion of 3 to 10, containing additional hydroxyl group(s). Moreover,
ther polymers were also elucidated containing up to 4 addi-
ional hydroxyl groups. Polymers containing 4–7 phloroglucinol
nits were the most-frequently found (see Fig. 1 and Table 2).ollected in Portugal (A, sample P1 and B, sample P2) obtained using the optimized
Interestingly, although the proﬁles were not identical between sites
in Norway, they were quite similar, being peaks 2, 19, 24 and
34 among the most intense peaks in both samples, correspond-
ing to trifuhalol (degree of polymerization (DP) = 3, 1 hydroxyl
group), tetrafuhalol (DP = 4, 1 hydroxyl group), dihydroxytetra-
fuhalol (DP = 4, 3 hydroxyl group) and pentafuhalol (DP = 5, 1
hydroxyl group). Sample N2 also contained other very intense
peaks (peaks 5, 6) for which an assignment was  not attained. In
any case, the fragmentation pattern observed for the different peaks
was very important for their identiﬁcation, as they followed a typ-
ical fragmentation showing different losses of phloroglucinol units
and hydroxyl groups, which helped to achieve a tentative identiﬁ-
cation. An example is shown in Fig. 3 with the MS/MS  fragmentation
pattern of dihydroxyheptafuhalol in sample N1 (peak 63). It is also
important to note that the relative position of a peak in the 2D plane
can be used as a tool for identiﬁcation since LC × LC allows obtaining
2D patterns in agreement with differential retention in each dimen-
sion. For instance, D1 separation shows a distribution according to
an increase on degree of polymerization while D2 retention implies
that highly hydrophobic compounds elute later, making possi-
ble the discrimination, between doubtful identiﬁcations, based on
peak position. Therefore, this enhanced identiﬁcation capability of
unknown peaks is one of the strongest advantages of 2D approaches
over one-dimensional ones.
In the case of the Portuguese samples, less complex 2D plots
were obtained (Fig. 2). In this case, the differences between the
samples collected in the same country were also more marked.
Anyway, peaks 14 and 26 were among the most-intense peaks
in both samples, corresponding to an unidentiﬁed compound and
to a pentafuhalol (DP = 5, 1 hydroxyl group), respectively. From
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Table  3
Tentative peak assignment of the compounds separated by LC × LC-ESI-MS/MS found in the S. muticum samples collected in Portugal.
Peak Identiﬁcation D2 tR (s) Total tR (min) [M−H]– Main MS/MS  fragments
1 Trifuhalol 40.70 31.88 389.0 263, 245
2  Trifuhalol 41.90 34.50 389.0 263, 245
3  NI 45.00 38.45 447.8 429, 385, 323, 311, 261
4  Trifuhalol 47.20 38.49 389.0 375, 265, 250
5  NI 48.15 38.50 568.4 552, 537, 443, 305
6  Trifuhalol 42.45 39.71 389.0 375, 251
7  NI 50.50 39.84 570.6 551, 511, 443, 305, 263
8  NI 47.20 41.09 526.8 507, 491, 401, 387, 357, 263, 245
9  NI 48.30 41.11 536.3 520, 475, 411, 333, 268
10  Tetrafuhalol 43.65 42.33 513.7 437, 389, 265, 251
11  Tetrafuhalol 40.30 43.57 513.0 475, 438, 391
12  NI 41.60 43.59 520.0 499, 439, 389, 319, 251
13  Tetrafuhalol 43.55 43.63 513.0 499, 437, 389, 263
14  NI 44.45 43.64 516.3 437, 427, 389, 297, 251
15  NI 48.70 43.73 685.1 651, 633, 509, 387, 245
16  NI 49.55 43.73 685.3 651, 633, 557, 509, 387, 263, 245
17  NI 52.35 43.77 590.4 572, 511, 465, 426, 325, 245
18  Dihydroxytetrafuhalol 44.65 44.94 545.7 529, 513, 389
19  Hydroxytetrafuhalol 40.30 46.17 529.7 403, 389, 277, 262, 245
20  NI 48.55 46.19 687.2 653, 579, 525, 388, 244
21  NI 41.80 46.20 531.4 513, 487, 403, 391, 341, 263, 245
22  NI 43.35 46.22 531.0 515, 486, 405, 391, 363, 307, 265, 245
23  NI 46.55 46.28 646.7 633, 529, 501, 387, 245
24  NI 50.95 46.35 646.5 633, 607, 525, 509, 387, 343, 263, 245
25  Dihydroxypentafuhalol 42.20 47.50 671.0 653, 637, 627, 544, 466, 247
26  Pentafuhalol 46.20 47.57 637.3 623, 513, 373
27  Trihydroxyhexafuhalol 51.55 47.66 809.5 791, 775, 637, 511, 387
28  NI 52.95 47.68 734.3 715, 689, 607, 566, 437, 285
29  Dihydroxypentafuhalol 44.20 48.84 669.0 651, 625, 607, 465, 403, 263
30  Dihydroxypentafuhalol 45.60 48.86 671.3 653, 637, 627, 467, 467, 405, 349
31  Hydroxypentafuhalol 41.40 50.09 653.2 633, 527, 513, 387, 263, 245
32  Hydroxypentafuhalol 42.80 50.11 653.8 637, 527, 513, 387, 263, 245
33  NI 44.20 50.14 655.3 636, 611, 529, 515, 469, 388, 341, 262, 245
34  NI 48.65 50.21 657.0 633, 621, 524, 483, 370, 263
35  NI 50.25 50.24 780.5 638, 611, 532, 388, 217
36  NI 53.05 50.28 877.6 859, 832, 797, 661, 612, 520
37  NI 46.20 51.47 661.2 612, 555, 509, 367, 263
38  NI 47.20 51.49 663.7 647, 574, 537, 505, 374
39  Dihydroxyhexafuhalol 47.70 52.80 793.1 775, 749, 731, 527, 483, 465, 385
40  Dihydroxyhexafuhalol 50.65 52.84 793.2 775, 749, 731, 527, 511, 483, 387, 245
41  NI 53.95 52.89 895.4
42  NI 44.15 54.02 781.4 763, 701, 499, 437, 263
43  Hydroxyhexafuhalol 50.90 54.08 949.1
44  Dihydroxyhexafuhalol 49.45 54.12 793.5 777, 730, 634, 513, 485
45  NI 51.05 54.15 948.1 775, 749, 652, 607, 528, 510, 483, 431, 389
46  Dihydroxyheptafuhalol 49.20 55.42 917.3 900, 874, 856, 714, 634, 513
47  Dihydroxyheptafuhalol 52.00 55.47 917.6 898, 873, 791, 777, 634, 513, 403
48  Dihydroxynonafuhalol 55.20 55.52 1165.3
49  Dihydroxyheptafuhalol 48.00 56.70 919.2 900, 874, 856, 837, 714, 634, 513, 265
50  Dihydroxynonafuhalol 51.90 56.77 1165.7
51  Dihydroxyhexafuhalol 53.20 56.80 793.1 777, 749, 653, 529, 403, 387, 263
52  Trihydroxyheptafuhalol 53.30 58.09 933.5 914, 871, 773, 667, 651, 623, 511
53  Dihydroxyoctafuhalol 54.60 58.09 1043.1
54  Nonafuhalol 56.30 58.14 1134.9
55  Decafuhalol 54.55 60.71 1257.7
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t56  Endecaphlorethol 57.70 62.0
NI, not identiﬁed.
he information summarized in Table 3 it is possible to infer
hat fuhalols and hydroxyfuhalols were also the predominant
hlorotannins in these Portuguese samples. Different degrees of
olymerization were found, from 3 to 11, whereas the additional
ydroxyl groups associated to these structures were up to 4 in some
ases. Although the presence of hydroxyfuhalols in S. muticum has
een reported [25], it is worth to mention that there are no pre-
ious studies describing in such detail the phlorotannin content
n S. muticum samples nor in any other algal sample containing
 similar variability on fuhalols, hydroxyfuhalols and phlorethols
omposition, which gives a clear idea of the difﬁculty of this task.
n this regard, the potential of LC × LC-MS/MS to separate and to
entatively identify such a complex mixture is demonstrated in
he present work. NMR  spectra (HMBC analysis) obtained with1365.3
algae collected in different North-Atlantic sites allowed only the
determination of phlorethols in the phlorotannin fraction of S.
muticum [8,15]. Thus, considering the complexity of the polyphe-
nols fraction (as demonstrated by the phlorotannins proﬁle shown
in Figs. 1 and 2), we  can conclude that the pressurized liquid
extraction (PLE) combined to a LC × LC-DAD-MS/MS methodol-
ogy applied appears a promising tool for the complete separation
and identiﬁcation of phlorotannins in algal samples. This multidi-
mensional tool offers a series of advantages that one-dimensional
approaches cannot provide, thanks to the simultaneous use of dif-
ferent separation mechanisms. In fact, the gains obtained through
this two-dimensional approach may  be illustrated from the peak
capacity values achieved for the separations. In this regard, a the-
oretical peak capacity (nc2D) of 1050 was obtained for N1 sample
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cytotoxic potential at concentrations in the medium micromo-
lar range. The comparison of the results obtained in the present
study with those reported in literature for brown seaweeds-
derived extracts is not straightforward due to limited information
Table 4
Antiproliferative in-vitro effect of S. muticum extracts on HT-29 cells. Values repre-
sent the concentrations in g mL−1 of each extract that caused 50% growth inhibition
(GI50), total growth inhibition (TGI), and 50% cell death (LC50). Results are shown
as  the mean ± SEM of three independent experiments, each performed in triplicate.
Superscripts mean groups not statistically different (p > 0.05) for each response.
Sample Incubation
time (h)
GI50 (g mL−1) TGI (g mL−1) LC50 (g mL−1)
N1 24 32.2 ± 1.7a 41.7 ± 1.4a 53.5 ± 0.9a
48 37.2 ± 1.4a 45.5 ± 0.8a ,b 55.0 ± 0.2a
72 36.4 ± 4.7a 46.3 ± 2.7a ,b 59.4 ± 4.2a
N2 24 37.0 ± 2.3a 46.7 ± 1.3a ,b 57.9 ± 0.1a
48 40.3 ± 2.5a 49.2 ± 1.9a ,b 57.8 ± 0.2a
72 46.5 ± 1.1a 56.1 ± 3.2b 74.0 ± 2.6b
P1 24 77.7 ± 4.4b NC* NC
48 72.4 ± 2.7b NC NC
72 81.8 ± 3.1b NC NCig. 3. MS  spectrum and MS/MS  fragmentation pattern of dihydroxyheptafuhalol
n  sample N1 (peak 63, fuhalol with DP = 7 with two additional hydroxyl groups) as
ell as the tentatively proposed chemical structure. PGU: phloroglucinol units.
hereas P1 separation reached a peak capacity of 906; measure-
ents were done according to Li et al. [26] in order to consider
he D2 time cycle as well as the inﬂuence of undersampling of
he D1 eluate. Moreover, to stress the importance of re-optimizing
he LC × LC separation according to the sample studied, the values
ound with the present method and that previously developed [19]
ere compared for the same sample (N1); results showed that a
0% increase on separation performance was obtained (nc2D 699 vs
050).
At present, very little is known about the relationship between
hlorotannin structure (degree of polymerization, type of bond,
ranching) and bioactivity [4]. From the published data as well as
rom the results included in this work, it seems that the antioxidant
ctivity of these components may  be more related to their rela-
ive abundance than to their different structure [4]. Nevertheless,
ne should note that in Norwegian populations, a higher variety
f smaller compounds compared to Portuguese populations was
etected. This observation is in agreement with previous reports
hat demonstrated that small phlorotannins possess higher antiox-
dant activity than highly polymerized compounds [27]. Other
eports have pointed out some discrepancies between antioxi-
ant activity and other activities, such as hepatoprotective activity,
howing that some phlorotannins that presented good antiox-
dant activity did not possess similar hepatoprotective activity
28]. Besides, to further study the possible relationship between
hlorotannin structure and antiproliferative activity, the four puri-
ed S. muticum extracts (collected in Norway and Portugal) were
ssayed in order to observe their potential effects against a human
olon cancer cell line, HT-29.
.3. Antiproliferative activity of phlorotannins from S. muticum
To determine the antiproliferative effect of the phlorotannins-
nriched extracts, HT-29 cells were incubated with increasing
oncentrations of extracts (from 0 to 100 g mL−1) for 24, 48 and
2 h and cell proliferation was analyzed by the MTT  assay. As can be
bserved in Fig. 4, after 24 h incubation, the concentration depend-
nce of the antiproliferative activity of the extracts was signiﬁcant.
he extracts demonstrated different in vitro antiproliferative effects
n HT-29 colon cancer cells. In general, the most enriched extractsFig. 4. HT-29 cell viability upon treatment for 24 h with different concentrations of
N1  (circle), N2 (triangle), P1 (square) and P2 (diamond) extracts. Error bars are given
as  95% conﬁdence interval.
in phlorotannins (those obtained from Norway, sites 1 and 2; N1
11.730 ± 0.141 and N2 12.461 ± 0.264 mg  PGE g−1) exerted higher
antiproliferative activity. For instance, incubation with N1 and
N2 extracts at a concentration of 50 g mL−1, reduced cell pro-
liferation by roughly 50% after 24 h, while extracts obtained from
Portugal, sites 1 and 2 (P1 and P2 samples, total phlorotannin con-
tent 5.906 ± 0.324 and 6.4217 ± 0.355 mg  PGE g−1, respectively.)
did not exert any appreciable effect at this concentration. Fur-
thermore, cell viability was  totally reduced after treatments with
N1 and N2 extracts at concentrations close to 100 g mL−1 at any
of the assayed times, while the same concentration of P1 and P2
extracts reduced cell viability down to ca. 40% after 24 h incuba-
tion. In order to characterize in more detail the antiproliferative
activity of these extracts, the growth inhibition (GI50), the total
growth inhibition (TGI) (as an indicator for cytostaticity), and the
lethal concentration (LC50) (as an indicator for the cytotoxic level
of effect), were also determined at 24, 48 and 72 h incubation times.
As it is shown in Table 4, the phlorotannin-enriched extracts exert
different in vitro cytostatic and cytotoxic effects depending on the
type of extract and concentration, exhibiting maximum inhibitory
activity after 24 h exposure. In particular, N1 and N2 demonstratedP2  24 72.0 ± 3.3b NC NC
48 75.8 ± 2.9b NC NC
72 83.8 ± 4.6b NC NC
*NC, not calculated.
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btained in the present study seem to be close to the antiprolifer-
tive concentration levels of brown seaweeds extracts published
n various reports for other in vitro cell studies [11,29,30]. As an
xample, He et al. [31] reported cell viability inhibition values of
6.9 and 60.5% for the brown seaweed Saccharina japonica extracts
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epatocellular carcinoma cells following a exposure time of 24 h at
he concentration of 60 g mL−1. Interestingly, data summarized
n Table 4 also showed that N1 extract, which contained lower
hlorotannin concentration than N2 extract (see Table 1 for the val-
es of TPC and total phlorotannins for the puriﬁed N1, N2, P1 and
2 extracts), exerted slightly higher effect on cell proliferation than
2 extract, provided by the lower values obtained for the param-
ters at the different incubation times. According to the chemical
ifferences in the phlorotannin fraction observed between these
xtracts, these results suggest that either phlorotannins with selec-
ive bioactivity or the presence of other compounds in the extracts
ight be responsible for the differential antiproliferative effective-
ess observed between N1 and N2. In this regard, further work is
equired to elucidate the active constituents responsible for this
ifferential effectiveness between phlorotannin-enriched extracts.
. Conclusions
In the present work, the phlorotannin composition of differ-
nt S. muticum samples collected at different locations along the
uropean Atlantic coast was investigated. After PLE extraction,
he samples collected at the extreme locations of a latitudinal
radient along North Atlantic coasts, i.e., Portugal and Norway,
ere found to be the richest in total phenols and, particularly, in
hlorotannins. The extracts obtained from these locations were
urther puriﬁed and chemically characterized using a modiﬁed
ILIC × RP-DAD-MS/MS method. The application of this method-
logy allowed the tentative identiﬁcation of phlorotannins with
reat chemical variability containing different degrees of polymer-
zation and structures; fuhalols, hydroxyfuhalols and phlorethols
ere the most-abundant phlorotannins on these samples, show-
ng also particularities and important differences depending on
he geographical location. This is the ﬁrst time that these complex
tructures are separated and characterized with such detail. After-
ards, the antiproliferative activity of these extracts against HT-29
denocarcinoma colon cancer cells was studied. Results revealed
hat Norwegian samples of S. muticum presented the highest activ-
ty, showing a good cytotoxic potential at concentrations in the
edium micromolar range.
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4.4. GENERAL DISCUSSION.  
This Chapter presents the development of two on-line LC × LC methods for the chemical 
characterization of phlorotannins from two seaweed species (Cystoseira abies-marina  and 
Sargassum muticum) by using HILIC × RP as a highly orthogonal coupling in order to achieve 
the maximum separation of these compounds regarding to their DP as well as their 
isomerization level.  
Since no previous 2DLC analytical methods for the analysis of phlorotannins were available, a 
complete optimization study of the on-line LC × LC coupling was necessary.  
Based on our previous experience using HILIC × RP, we selected to perform the 1D separation 
in a microbore column operated at very low flow rates and keeping the modulation time as 
short as possible. Moreover, the use of sampling loops in the switching valve acting as 
modulator, with larger volume than strictly needed to collect the 1D effluent, was also selected 
together with high 2D flow rates. In addition to all the instrumental parameters, the chemical 
nature of the target compounds was also considered during optimization.  
 
4.4.1. INFLUENCE OF METHOD PARAMETERS. 
4.4.1.1. Sample preparation. 
The importance of the selection of an adequate extraction/sample preparation process 
ultimately relies on the fact that the extraction procedure will affect the chromatographic 
analysis. Consequently, this process has to be selective enough to obtain a final enriched extract 
in which possible interferences are eliminated, as well as to protect the interesting compounds 
against degradation during the whole process. In this case, the extraction of phlorotannins 
from the two studied brown algae was required since macroalgae, in particular brown algae, 
are complex samples containing mixtures of many different components with diverse 
physicochemical characteristics, such as carbohydrates, proteins, lipids, carotenoids, 
chlorophylls, minerals, terpenes and sterols as well as phenolic compounds (Plaza et al. 2008; 
Polat and Ozogul 2008; El Shoubaky and Salem 2014). Therefore, the co-extraction of many 
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different compounds together with the target phenolic compounds was unavoidable. For this 
reason, the use of a purification step after the extraction of the two studied algae was needed to 
obtain a phlorotannin-rich fraction. In particular, different extractions and sample treatments 
were employed for each alga, due to the fact that the algal chemical composition greatly varies 
between species and even between algae from the same species but grown under diverse 
environmental conditions.  
The extraction of phlorotannins from Cystoseira abies-marina (Section 4.2.) was carried out by 
a conventional solid/liquid extraction assisted by magnetic stirring as a fast and simple 
extraction method. A mixture of acetone/water was selected as extraction solvent. However, 
this solvent mixture was demonstrated to be effective but not selective for the extraction of 
phlorotannins, and therefore, a post-extraction sample treatment had to be applied to obtain a 
phlorotannin pure fraction. In this case, the sample treatment consisted on a sample defatting 
by liquid/liquid partition with dichloromethane to remove lipids, chlorophylls and carotenoids 
followed by a SPE concentration, where carbohydrates and proteins were discarded and 
phlorotannins were retained and afterwards eluted from the cartridge, obtaining a purified 
extract. Then, before the LC × LC analysis , the phlorotannin content of this extract was 
measured by reacting with dimethoxybenzaldehyde (DMBA assay), a reagent specific for 1,3- 
and 1,3,5-substituted phenols, like phloroglucinol.     
However, to recover the phlorotannin fraction from Sargassum muticum algae (Section 4.3), 
PLE was selected since it has been demonstrated to present advantages for recovering phenolic-
rich fractions from brown algae (Anaëlle et al. 2013). In the work presented in Section 4.3., 13 
samples of Sargassum muticum brown alga from different locations along the North-Atlantic 
coast (Portugal, Spain, France, Ireland and Norway) were submitted to PLE. The extraction 
conditions were carefully studied in a previous work carried out in our lab through the 
application of an experimental design (Sánchez-Camargo et al. 2016). After that, extracts from 
Portugal and Norway showing the greater content on phlorotannins as well as higher total 
phenolic content and antioxidant activity (determined by in-vitro assays) were selected for 
their further chemical characterization. Different purification methods were applied to those 
extracts, including the method previously employed for phlorotannins purification from C. 
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abies-marina. However, good results were only achieved with the application of a procedure 
involving a liquid/liquid extraction of non-polar compounds with dichloromethane followed 
by solvent precipitation of proteins and carbohydrates with ethanol and acetone, respectively, 
and a final phlorotannins extraction with ethyl acetate. 
 
4.4.1.2. 1D separation. 
First dimension separation was carried out under HILIC mode. Due to our previous experience 
on the separation of polymeric phenolic compounds using a diol-bonded stationary phase, a 
microbore diol column was used as HILIC-compatible 1D for the separation of phlorotannins. 
To the best of our knowledge, just two previous works reported the study of phlorotannins 
under HILIC mode (Steevensz et al. 2012; Kim et al. 2013). Kim et al. (2013) used a triazole 
HILIC-compatible bonded phase for the separation of a mixture of six phlorotannins, in 
particular, six eckols with DP from 3 to 6 PGUs. On the other hand, Steevensz et al. (2012) 
employed an amide HILIC column achieving the separation of phlorotannins from 3 to 10 
PGUs. Therefore, due to the lack of information on the retention behavior of phlorotannins in 
diol-bonded particles as well as the similar polymeric phenolic nature between 
proanthocyanidins and phlorotannins, analytical conditions similar to those applied to 
proanthocyanidin separations were selected as a starting point for the optimization of the 1D 
separation of phlorotannins. In particular, this first optimization was carried out for the 
separation of phlorotannins from Cystoseira abies-marina brown alga (Section 4.2).  
As above mentioned, the separation conditions (mobile phases, flow rates, gradients and 
temperature) employed for the separation of proanthocyanidins, specifically those used in the 
application of apple procyanidins (Section 3.3), were tested for the separation of phlorotannins. 
These preliminary results showed that diol stationary phase could be appropriate for the 
chromatographic separation of phlorotannins. Moreover, the tested conditions provided 
relatively good separation results in terms of broad separation of the sample along the whole 
chromatographic one-dimensional space. Figure 4.4A shows the separation of the 
phlorotannins found in C. abies-marina under those conditions. However, in order to improve 
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this separation, different mobile phases, mainly buffers at different concentrations and pH, and 
gradients were studied. Under these latter conditions, the retention of phlorotannins was very 
strong, and most compounds coeluted at the end of the chromatogram (Figure 4.4.B). Hence, 
the initial conditions were preliminary retained, and in order to enhance the separation 
obtained, the careful study and modification of the gradient employed was performed. By 
applying some changes in the gradient while maintaining, at the same time, mobile phases 
composition, a good distribution of phlorotannins was obtained, as can be observed in Figure 
4.4C, where the optimum 1D separation is depicted. At this point, it is interesting to mention 
that gradient optimization on HILIC conditions is a difficult task, since little changes in the 
aqueous mobile phase produce huge modifications on the separation. Thus, the mentioned 
conditions were finally selected for the 1D separation of the LC × LC methods for phlorotannins 
analysis from both algae, C. abies-marina and S. muticum. 
However, although the same 1D conditions were finally selected for the separation of 
phlorotannins from S. muticum brown alga, considering that a diverse chemical composition 
was expected in this alga, different chromatographic conditions were also tested, such as the 
use of a microbore amino HILIC-compatible stationary phase as well as different mobile phases 
compositions, including changes on pH.  
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4.4.1.3. 2D separation. 
RP is theoretically a good chromatographic mode for the separation of isomers of different 
polymers, such as phlorotannins. However, conventional RP separations are limited to short 
polymers due to the increased complex isomer composition that occurs as the DP of 
phlorotannins grows. For this reason, RP may be a good separation option for the 2D of a LC × 
LC analysis of phlorotannins, considering that just fractions of phlorotannins with similar DP, 
previously separated on the HILIC-based 1D, are individually analyzed. This way, the 
separation of isomers containing the same DP, that cannot be separated in the 1D, may be 
obtained. Consequently, the multidimensionality of natural phlorotannin mixtures, together 
with the different retention mechanisms that RP and HILIC provide, make the HILIC × RP 
coupling a highly orthogonal system for the separation of these components. 
Therefore, RP was selected as separation mode for the 2D. In the first approach of the analysis 
of phlorotannins presented in this Chapter (Section 4.2), two RP columns with different 
stationary phases were tested, namely C18 and PFP stationary phases. Both were short (50 mm 
long) partially porous columns with a wider internal diameter (4.6 mm) than the 1D column 
internal dimeter (1 mm) (thus, high 2dc/1dc) to enhance the contact and the retention of the 
analytes present on the injection fraction with the 2D stationary phase particles, which, in turn, 
helps to limit 2D band broadening.  
Different conditions were studied for the separation of phlorotannins in the 2D, including the 
effect of different mobile phases for each of them. For the optimization of the separation of the 
C18 column, acetonitrile was the organic solvent that offered better separations. Regarding the 
aqueous mobile phase, different buffers covering the pH range at which the column is stable 
(pH 3.6-9) were tested as well as water acidified with formic acid. Finally, ultrapure water 
containing 0.1% of formic acid was selected as mobile phase. In the case of the PFP column, its 
use was based on its specific selectivity for aromatic compounds thanks to the multiple 
retention mechanisms that this stationary phase offers (Regos and Treutter 2010). In this 
column, acetonitrile, methanol and different mixtures of these two organic solvents were 
studied as mobile phases. 
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Both stationary phases provided a similar retention of phlorotannin isomers under the tested 
conditions; however, once more, the C18 stationary phase demonstrated a higher separation 
capability and superior resolution of the separated compounds. A comparison between the two 
2D separations obtained using both types of columns can be observed in Figure 4.5. 
On the other hand, the best separation for Sargassum muticum phlorotannins was achieved by 
employing similar conditions to those optimized in the previous work, based on the diol × C18 
configuration with a slight modification of the 2D gradient. These conditions were selected 
after the study of different experimental conditions. In this second work, the C18 and the PFP 
partially porous columns were tested again, as well as the separation on a C18 monolithic 
column. This latter column could be also tested at different flow rates and analysis times, since 
monolithic columns allow the use of higher flow rates due to the smaller pressure drops 
produced by this type of stationary phase compared to particles. 
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Figure 4.5. Comparison of the 2D separations of phlorotannins from the alga Cystoseira abies-marina using in the 
2D: A) a PFP column, employing water (0.1% formic acid) and acetonitrile as mobile phases, eluted according to 
the following gradient: 0 min, 0% B; 0.1 min, 5% B; 0.3 min, 20% B; 0.8 min, 40% B; 0.9 min, 70% B; 1min, 90%; 
1.01 min, 0% B; 1.3 min, 0% B; and B) a C18 column, employing water (0.1% formic acid) and acetonitrile as 
mobile phases, eluted according to the following gradient: 0% B; 0.1 min, 10% B; 0.6 min, 30% B; 0.8 min, 50% B; 
0.9 min, 70% B; 1 min, 90%; 1.01 min, 0% B; 1.3 min,  0% B. . 
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4.4.2. CHEMICAL CHARACTERIZATION OF PHLOROTANNINS FROM BROWN ALGAE BY 
HILIC × RP. 
As has widely been demonstrated along Chapter 3, HILIC × RP is a very orthogonal coupling 
for the separation of polymeric phenolic compounds allowing the separation firstly by their DP 
on the HILIC-based 1D and then, by according to their hydrophobicity in the RP-based 2D. This 
characteristic was also advantageous for the separation of phlorotannins from two brown 
algae.  
In both applications a 10-port 2-position switching valve equipped with two sampling loops of 
30 µL was used as interface for the transfer process between both dimensions. The advantages 
associated to the use of sampling loops with this internal volume, higher than the volume 
required to collect the 1D effluent entering the loop during the collection position, were 
explained in detail in Chapter 3, 
In the first work included in the present Chapter, the objective was the study of the content and 
the chemical characterization of phlorotannins from the alga Cystoseira abies-marina applying 
an optimized HILIC × RP method. Thanks to the high resolving power offered by this method, 
52 compounds could be separated in the complex phlorotannin-rich extract. The information 
provided by the DAD as well as the position of each peak into the 2D space was useful to 
tentatively assign the separated compounds. However, in this kind of complex samples the 
identification of the separated compounds by MS is of utmost importance, taking into 
consideration the information that this detector is able to provide with. Therefore, the close 
study of the MS and MS/MS spectra obtained for each separated peak was the key to obtain the 
compositional information of the phlorotannin extract.  
Typical fragmentation pathways of phlorotannins consisted on successive neutral losses of 
PGUs (126 Da) and of water molecules (18 Da). For example, the most intense peak of the 
sample (peak 13) was tentatively identified as hepta-phlorethol, fucol or fucophlorethol, due to 
the detection of its molecular ion at m/z  869.4 ([M-H]-). However, phlorotannins with DP = 7 
did not suffer a high fragmentation and only one fragment was observed at m/z 851, 
corresponding to a loss of a water molecule. In contrast, the rest of phlorotannins presented a 
C h a p t e r  4 .  P h l o r o t a n n i n s   
 
 216 
more extensive fragmentation pathway, and some of them were detected as doubly charged 
ions ([M-2H]2-). For instance, a medium length phlorotannin presented a [M-2H]2- at m/z 
744.3 whereas its MS/MS fragments detected corresponded to successive losses of PGUs 
showing m/z at 1241, 1177, 993, 867 and 617, corresponding to losses of 2, 3, 4, 5 and 7 
PGUs, respectively. Moreover, the MS/MS spectrum of this compound presented some ions 
corresponding to the losses of PGUs together with a water molecule at m/z 1223 (loss of 2PGUs 
and a water molecule), 726 (6 PGUs plus a water molecule) and 228 (loss of 10 PGUs plus a 
water molecule). This compound was tentatively identified as a phlorethol, fucol or 
fucophlorethol with 12 PGUs. The MS, MS/MS spectra and the proposed chemical structure of 
this molecule is shown in Figure 4.6.  
As can be observed, the information provided by the MS and MS/MS spectra is very useful to 
elucidate the degree of polymerization of each separated phlorotannin, but the identification of 
the links between PGUs and, therefore, the identification of the specific type of phlorotannin 
involved is not possible. Alternative chemical structures for the phlorethol shown in Figure 4.6, 
suggesting the presence of phenyl or ether linkages, or a combination of them in the same 
molecule, typical from fucols, phlorethols or fucophlorethols, respectively, could not be ruled 
out, as those molecules would also present similar molecular ions, MS and MS/MS spectra.
  
Fig
ur
e 4
.6.
 M
S a
nd
 M
S/M
S s
pe
ctr
a a
s w
ell
 as
 th
e p
ro
po
se
d 
ch
em
ica
l s
tru
ctu
re
 of
 a 
ph
lor
ot
an
ni
n 
wi
th
 D
P =
 1
2. 
 
C h a p t e r  4 .  P h l o r o t a n n i n s   
 
 218 
Among the 52 separated compounds, the tentatively identification of 43 phlorotannins from 5 
to 17 PGUs, namely phlorethols, fucols or fucophlorethols was possible in Cystoseira abies-
marina brown alga.   
On the other hand, phlorotannins contained in Sargassum muticum harvested in a total of 13 
different geographical locations along the North-Atlantic coast were studied. Two algae 
samples from Norway and two different samples from Portugal were determined as the richest 
samples on phlorotannins, using the DMBA in-vitro assay. Interestingly, the harvesting 
locations in these two countries were those possessing the most-extreme climatological 
conditions among the studied. Consequently, these four samples were selected to obtain their 
phlorotannin profiles. The LC × LC phlorotannin profiles of both groups of locations (i.e., 
Portugal and Norway) were significantly different, as a response to the completely different 
environmental growing conditions, thus, confirming that phlorotannins compositions are very 
susceptible to suffer modifications in response to adaptation to the climatologic, nutrient and 
UV-exposure conditions. In particular, the phlorotannin profiles from the two zones of Norway 
were more complex (72 and 73 separated compounds, respectively) than those from Portugal 
(55 and 56 separated compounds, respectively). However, from a qualitative point of view, the 
phlorotannin composition of samples from both countries was very similar; interestingly, this 
was the first application in which the simultaneous separation of fuhalol- and hydroxyfuhalol-
type phlorotannins as well as phlorethol-, fucol- or fucophlorethol-types,  with such a degree 
of separation, is reported . The identification of fuhalols and hydroxyfuhalols was possible 
thanks to their characteristic MS and MS/MS spectra, that differs from the rest of phlorotannins 
types on the presence of one (fuhalols) or more (hydroxyfuhalols) hydroxyl groups, that is, a 
difference in 18 Da for a given DP. The presence of hydroxyfuhalols with up to 4 hydroxyl 
groups (several trihydroxyheptafuhalols and trihydroxyoctafuhalols) was observed. An 
example of the MS-based identification of these complex compounds is illustrated in Figure 
4.7. 
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Figure 4.7. MS spectrum and MS/MS fragmentation pattern of dihydroxyheptafuhalol (fuhalol with DP = 7 with 
two additional hydroxyl groups) as well as the tentatively proposed chemical structure. 
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In this work the tentative identification of phlorotannins up to 10 and 11 DP in samples from 
Norway and Portugal, respectively, was achieved. 
Besides, as mentioned in the introduction section of this Chapter, the interest on phlorotannins 
is growing since they present several interesting biological activities. Therefore, in this work, 
the antiproliferative activity of the purified phlorotannin-rich fractions from Sargasumm 
muticum was studied after their exhaustive chemical characterization by LC × LC. Results 
showed that one of the extract from Norway, in particular, presented a good antiproliferative 
effect against human cancer cells. The results achieved in this work could be the beginning of 
an interesting study on the bioactivities of phlorotannins from S. muticum. Further interest on 
the extraction and valorization of fractions from these compounds relies on the fact that this 
brown alga in an invasive species and, therefore, is widespread, and has no other uses, 
although more studies are needed to confirm the positive effects of these extracts. 
 
Thus, in this Chapter the separation of polymeric phlorotannins with a high degree of 
structural complexity by on-line LC × LC has been presented for the first time. The enormous 
usefulness of HILIC × RP for the separation of very complex natural samples containing 
mixtures of polar polymeric phenolic compounds of great chemical complexity and diversity 
was demonstrated once more attaining similar high peak capacity values of 992 in the HILIC × 
RP analysis of Cystoseira abies-marina alga and 1050 and 906 in the analysis of the Norwegian 
and Portuguese Sargassum muticum samples, respectively. With respect to the orthogonality 
achieved in these analyses, the separation of C. abies-marina phlorotannins arrived to a 71% of 
orthogonality while the analysis of S. muticum phlorotannins attained 81 and 74% of 
orthogonality in the samples from Norway and Portugal, respectively. It is interesting to note 
that, although similar, these values show a slight difference. In particular, the two samples of 
Sargasum muticum analyzed under the same analytical conditions present different peak 
capacity and orthogonality values, showing that not only the correlation level between the two 
separation mechanisms or the separation conditions selected affect the separation power of the 
technique, but also the sample has an important weight in the final results. 
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Moreover, the development and application of this multidimensional methodology allowed the 
identification of compounds that had not been previously characterized up to date, such as 
phlorotannins with a high degree of hydroxylation.  
In addition, the analytical work presented in this Chapter highlights the essential role that 
chemical characterization has on bioactivity-related studies, in order to identify the 
compounds responsible for the observed bioactivity  present in the natural extracts. 
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CHAPTER 5.  
Chemical characterization of saponins by  
HILIC × RP-DAD-MS/MS. 
 
 
 
5.2. Metabolite profiling of licorice (Glycyrrhiza glabra) from different locations using 
comprehensive two-dimensional liquid chromatography coupled to diode array and tandem 
mass spectrometry detection.  
5.3. Focusing and non-focusing modulation strategies for the improvement of on-line two-
dimensional hydrophilic interaction chromatography × reversed phase profiling of complex 
food samples. 
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5.1. INTRODUCTION – SAPONINS. 
Saponins are a large and structurally diverse group of secondary metabolites produced by 
plants, although they have also been found in certain marine organisms such as starfish and 
sea cucumber. As secondary metabolites, saponins play an important role in the protection and 
adaptation of plants against external factors of the surrounding environment. In fact, these 
compounds are considered natural pesticide, insecticide and fungicide agents (Osbourn et al. 
2011; Faizal and Geelen 2013; Moses et al. 2014).  
The presence of saponins has been described in more than 100 families of plants, being one of 
the most numerous and diverse groups of plant natural products. Saponins are often present as 
complex mixtures and their content in plants may significantly vary as a function of genetic, 
tissue type, age, physiological state of the plant and environmental factors (Faizal and Geelen 
2013). 
Thanks to their numerous interesting physicochemical properties, these compounds represent a 
valued natural ingredient for the food industry, due to their sweetness and bitterness 
characteristics, or for the cosmetic sector where can be used as foaming, surfactant and 
emulsifying agents. Besides, other interesting properties related to saponins are the wide range 
of health effects that have been attributed to these natural compounds such as antimicrobial, 
anti-inflammatory, anticancer, antiviral or hepatoprotective activities, among others (Augustin 
et al. 2011; Osbourn et al. 2011). 
As a result of these interesting properties, saponins are attracting increasing attention. 
However, different important challenges appear during their analysis and characterization in 
natural sources, mainly related to the great natural variability that may present. Partially due to 
this fact, enough scientific evidence of the compound-biological activity relationship has not 
been sufficiently established yet.   
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5.1.1. CHEMICAL STRUCTURE OF SAPONINS. 
From a chemical point of view, saponins are isoprenoid-derived aglycones, named genins or 
sapogenins, linked to one or more sugar moieties. This particular composition makes saponins 
amphiphilic molecules composed by a non-polar part corresponding to the sapogenin 
aglycone and a hydrophilic saccharide chain. Saponins can be glycosylated by one, two, or 
more rarely, three sugar chains in different positions of the molecule, with up to 11 
monosaccharide units overall (Augustin et al. 2011).  
Saponins are divided in two main groups: triterpene saponins and steroid saponins. Both 
classes derive from the same 30-carbon atoms precursor 2-3-oxidosqualene, a central 
metabolite for the synthesis of sterols. The difference between triterpene and steroid saponins is 
that steroid saponins present a skeleton of 27-carbon atoms due to the loss of three methyl 
groups, whereas triterpene saponins maintain the 30-carbon structure (Figure 5.1) (Vincken et 
al. 2007; Faizal and Geelen 2013). 
 
 
Figure 5.1.  Sapogenin structure of triterpene (A) and steroid saponins (B).  
 
Vincken et al. (2007) reported a further classification formed by 11 classes of cyclic carbon 
skeletons. These new classes consist of modifications of the carbon skeleton by rearrangements, 
homologations, cleavages and degradations, which besides, present their own subclasses. From 
all these classes of saponins, oleanane skeleton is the most common structure present in the 
plant kingdom. 
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Besides, functionalization of the carbon skeleton, mainly as a result of oxidation reactions, 
produces further variability, resulting in functional groups like hydroxyl groups, carbonyl 
groups or carboxylic acids which can be found at different positions in the saponin skeleton 
(Vincken et al. 2007).  
This chemical description shows the evident highly diverse structure of saponins due to their 
chemical variability and the high number of isomers as well as the diverse number and 
different possibilities of the sugar chains composition. Hence, the chemical characterization of 
these natural compounds is hindered by their closely related chromatographic behavior. That is 
the main reason why the complete composition of saponins in plants is not entirely elucidated; 
consequently, more information regarding their chemical characterization is required. 
 
5.1.2. CHEMICAL CHARACTERIZATION OF SAPONINS. 
LC-MS is the most-employed analytical technique for the analysis of saponins, due to the 
difficulties to identify saponins by LC-UV methods (Oleszek and Bialy 2006). Therefore, 
usually, LC is used to separate saponins that are subsequently elucidated by MS and MS/MS 
experiments (Gafner et al. 2004; Huhman et al. 2005; Khakimov et al. 2016). However, the 
intrinsic diversity of saponins requires in some cases the use of LC as a purification technique 
and the combination between MS, NMR and infrared spectroscopy to specifically elucidate the 
structure of the molecule (Mroczek 2015).   
Thus, the study of the particular chemical composition on saponins from natural samples, is an 
important topic for the characterization and discovering of new high-added value compounds. 
However, the structural complexity of these molecules hinders their chemical characterization 
by conventional analytical techniques, mainly due to the insufficient chromatographic 
resolving power of these techniques to properly separate structurally similar saponins. Besides, 
the chromatographic separation becomes even more challenging considering that saponins 
contain complex multisugar chains and that different molecules may present the same 
molecular weight and glycosylation pattern (Khakimov et al. 2016). Hence, the limited peak 
capacity and the single separation mechanism used in one-dimensional LC is not enough to 
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separate these often complex natural mixtures; in this regard, the use of MDLC might be very 
well suited to the separation of saponins, providing with an impressive increment of separation 
power. 
 
5.1.3. LICORICE AS A SOURCE OF TRITERPENE SAPONINS. 
Medicinal herbs have been used as therapeutic treatments for hundreds and thousands of 
years. These plants present active ingredients responsible for the associated therapeutic effects. 
Herbal extracts are usually constituted by a multi-component composition, that is, generally, 
the therapeutic properties attributed to herbal medicines are associated to different chemical 
groups such as alkaloids, phenolic compounds, mono- and diterpenes, saponins or glycosides 
(Li et al. 2011), for example. However, in modern mechanistic studies in which a bioactivity is 
sought to be associated to the presence of one or more particular compounds, the analysis of 
the metabolite profile and the major bioactive compounds is essential. This step implies the first 
approach towards the characterization of the bioactive fraction of an herbal drug.  
Among many other plants, licorice is an ancient herb very frequently used in the traditional 
Chinese medicine. Specifically, three species of licorice, Glycyrrhiza glabra, Glycyrrhiza 
uralensis and Glycyrrhiza infanta have centered great interest due to the wide clinical 
prescriptions associated to those species such as antitumoral, antimicrobial, antiviral, anti-
inflammatory, hepatoprotective or neuro-protective functions (Yang et al. 2016). The most 
abundant secondary metabolites present in licorice are triterpene saponins, being glycyrrhizic 
acid the main compound. Besides, the secondary metabolite profile of licorice is also composed 
by a complex mixture of different phenolic compounds, including flavanones, chalcones, 
flavones, isoflavones and isoprenylated flavonoids, many of them presenting different 
glycosylations. Both, triterpene saponins and phenolic compounds are considered the bioactive 
components responsible for the positive health effects of licorice, although a high consumption 
of licorice could be also associated to some negative consequences, like hypokalemia and 
hypertension (Sontia et al. 2008).  
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Besides the beneficial health effects associated to the secondary metabolites of licorice, its 
precise metabolite profile could be very useful for the differentiation of licorice species as well 
as for the authentication of the geographical origin of different licorice samples. This 
differentiation based on the metabolite profile is related to the fact that the metabolite content 
of licorice, both quali- and quantitatively, may significantly vary depending on the production 
geographical area, state of the plant, external environmental agents, harvesting and processing 
(Tanaka et al. 2010; Montoro et al. 2011; Farag et al. 2012).  
Although the analysis of licorice metabolites, as many other herbal medicines, has already been 
widely studied, its entire native composition is far to be completely elucidated (Qiao et al. 
2014). LC-MS is the method of choice for the determination of the chemical composition of 
licorice extracts, up to now. However, there are just a few analytical methods focused on the 
study of the complete composition of the licorice metabolites, and these available procedures 
only provide a limited information of the whole native composition due to the limitations of 
one-dimensional methods (Wei et al. 2015; Jiang et al. 2016).  
Therefore, the main objective of this Chapter is to develop a new analytical strategy based on 
the on-line coupling of HILIC and RP separation modes for the chemical characterization of 
highly complex natural mixtures of saponins, particularly, from licorice (Glycyrrhiza glabra), 
as well as for the separation of other metabolites to attain an exhaustive characterization of 
secondary metabolite composition of this plant extract (Section 5.2). Moreover, thanks to the 
application of this method, not only the separation of up to 89 compounds in a licorice sample, 
including 47 saponins, could be achieved, but also the obtained profiles were proposed as a 
means for the comparison of different licorice samples from different geographical locations.  
In a second work within this Chapter, the previously developed method is employed as a 
starting point to exhaustively study different modulation options, including focusing and non-
focusing modulation approaches, in order to further improve the performance of HILIC × RP 
methods, using licorice as a model food sample. The results obtained from that study are 
presented in Section 5.3. paying special attention to the influence of the studied parameters on 
1D undersampling, 2D band broadening and sensitivity limitations of today’s on-line LC × LC 
practice.  
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Authenticationa b s t r a c t
Proﬁling of the main metabolites from several licorice (Glycyrrhiza glabra) samples collected at different
locations is carried out in this work by using comprehensive two-dimensional liquid chromatography
(LC  LC) coupled to diode array (DAD) and mass spectrometry (MS) detectors. The optimized method
was based on the application of a HILIC-based separation in the ﬁrst dimension combined with fast RP-
based second dimension separation. This set-up was shown to possess powerful separation capabilities
allowing separating as much as 89 different metabolites in a single sample. Identiﬁcation and grouping of
metabolites according to their chemical class were achieved using the DAD, MS and MS/MS data. Tri-
terpene saponins were the most abundant metabolites followed by glycosylated ﬂavanones and chal-
cones, whereas glycyrrhizic acid, as expected, was conﬁrmed as the main component in all the studied
samples. LC  LC-DAD-MS/MS was able to resolve these complex licorice samples providing with speciﬁc
metabolite proﬁles to the different licorice samples depending on their geographical origin. Namely, from
19 to 50 speciﬁc compounds were exclusively determined in the 2D-chromatograms from the different
licorice samples depending on their geographical origin, which can be used as a typical pattern that
could potentially be related to their geographical location and authentication.
© 2016 Elsevier B.V. All rights reserved.
L. Montero et al. / Analytica Chimica Acta 913 (2016) 145e1591461. Introduction separation of licorice compounds. Concretely, a RPLC  RPLCLicorice (Glycyrrhiza glabra) is an herbaceous perennial plant,
belonging to the Leguminosae family and is one of the oldest and
most popular herbal medicines in the world. A wide array of bio-
logical activities have been ascribed to this plant, including anti-
ulceric, anti-inﬂammatory [1], antispasmodic, expectorant,
antiallergic, antidepressive [2], antiviral [3], antifungal [4] and
antioxidant [5] activities. Besides, licorice has been used in the food
industry as a sweetener and a ﬂavor enhancer while it is considered
as a safe food ingredient (GRAS) by the US Food and Drug Admin-
istration [6]. The mentioned potential health beneﬁcial effects have
been associated to the secondary metabolites present in licorice
which essentially consist on triterpene saponins and phenolic
compounds, including ﬂavanones, chalcones, ﬂavones, isoﬂavones
and isoprenylated ﬂavonoids [7]. Triterpene saponins present in
G. glabra belong to the oleane-type and are the major active sub-
stances. In particular, glycyrrhizic acid is regarded the most
important constituent of licorice, pointed out to be the main
responsible of the beneﬁcial effects attributed to this plant [8].
There exist around 30 different Glycyrrhiza species over the
world. Their differentiation based only on root morphology is very
complicated. As a consequence, it is important to search metabolic
markers that may allow the correct identiﬁcation of licorice species
[9]. The content on secondary metabolites in licorice may vary
signiﬁcantly depending on the geographical area of origin, the stage
of maturity of the plant, the environmental conditions and the
harvesting/production procedures [7]. In this regard, the content of
secondary metabolites could be employed for the geographical
identiﬁcation of licorice, as the product characteristics will be
greatly inﬂuenced by its particular chemical composition. In rela-
tion to these differences, licorice from the region of Calabria (Italy)
has been described as one of those with highest quality [10] thanks
to the amount of bioactive compounds present on it as well as its
typical organoleptic characteristics including volatiles composition.
This region presents a Mediterranean climate, characterized by dry
summers and mild winters, whereas springs and autumns last only
few months, that could provide the special characteristics to the
Calabrian licorice [10]. The quality of the Calabrian licorice has been
recognized with the Protected Designation of Origin “Licorice from
Calabria” in 2011 by the European Union (Reg. (CE) N. 1072/2011
EU) [11].
The metabolic proﬁle of licorice has been widely studied
through different analytical techniques such as HPLC-DAD [12,13],
HPLC-DAD/MS [10,12e14], UHPLC-DAD [6], UHPLC-MS [6,15e17] or
NMR [9,17]. However, aiming the complete proﬁling of the bioac-
tive phenolics and saponins from licorice is rather difﬁcult since
numerous different structures and their isomers are present as well
as many compounds with similar retention behavior coexisting in
its composition. In this regard, comprehensive two-dimensional
liquid chromatography (LC  LC) may be a useful analytical tech-
nique to provide a broad separation of the whole composition of
the chemically complex licorice extracts. LC  LC allows the sepa-
ration of a sample through two separation processes simulta-
neously connected on-line by means of a modulator or interface.
This technique provides the advantage of greatly enhancing the
peak capacity attainable compared to monodimensional LC due to
the use of columns with low correlated separation mechanisms in
the ﬁrst (1D) and the second (2D) dimension, thus, maintaining a
high orthogonality degree [18]. Although LC  LC is not still a
commonly-employed analytical technique, there are many appli-
cations in which this tool has been employed for the successful
attainment of the metabolic proﬁle of complex samples [19e21].
However, LC  LC has only been scarcely explored for themethod was developed for the separation of an ethyl lactate frac-
tion of a licorice extract in order to identify ﬂavonoid aglycones
present [22]. The developed RPLC RPLC approach provided a good
separation of some components present in a licorice extract frac-
tion, with higher resolving power than one dimensional methods.
However, the use of non-correlated separation mechanisms in the
two dimensions may signiﬁcantly increase the attainable peak ca-
pacity as well as the orthogonality of the two-dimensional system.
Possible combinations of non-correlated mechanisms include
NPLC  RPLC [23e25], SEC  RPLC [26], and IEC  RPLC [27e29]
approaches. However, these couplings can cause immiscibility
and incompatibility problems with the mobile phases employed in
both dimensions. The coupling between hydrophilic interaction
liquid chromatography (HILIC) and RP separations is useful to
partially solve these problems, since the solvents employed in the
mobile phases are miscible. In this regard, different HILIC  RP
methods have recently been developed for the separation and
identiﬁcation of a variety of compounds in several food-related
samples. In particular, HILIC  RPLC methods have been widely
demonstrated to be extremely useful for the separation of highly
complex and closely related mixtures of phenolic compounds, such
as procyanidins [30e33], anthocyanins [34] or phlorotannins
[35,36]. The use of DAD and MS detectors connected in series
together with the information related to the relative position of
each peak in the 2D space allow increasing the identiﬁcation ca-
pabilities of this technique. In this regard, this alternative can be
also proposed as a potentially successful approach for the separa-
tion and identiﬁcation of the entire phenolic compounds and sa-
ponins proﬁle of licorice samples. The acquisition of these proﬁles
might be later on used to differentiate among samples of different
geographical origin. Thus, in the present work, a new HILIC  RPLC
method employing a microbore ZIC-HILIC column in the 1D and a
C18 partially porous column in the 2D has been developed for the
characterization of the polyphenol and saponin proﬁle of licorice
extracts from different geographical locations with the aim of
searching for metabolites that could be pointed out as potential
markers for the identiﬁcation and assignment of the geographical
origin as well as for the authentication of each sample.
2. Materials and methods
2.1. Samples and chemicals
Licorice samples (G. glabra) from China, Iran and Azerbaijan
were produced in 2009, whereas licorice from Crotone and Vil-
lapiana (Calabria Region, Italy) were collected in 2007 and 2013,
respectively.
HPLC grade ethanol and acetonitrile were purchased from VWR
Chemicals (Barcelona, Spain) whereas acetic and formic acids were
acquired from SigmaeAldrich (Madrid, Spain) and ammonium ac-
etate was from Panreac (Barcelona, Spain).
2.2. Sample preparation
The extraction of the metabolites from licorice was carried out
following the preparation of the extracts described by Montoro
et al. [7]. Brieﬂy, the root material was ground and extracted with a
solideliquid extraction assisted by ultrasonic agitation. The solvent
employed was ethanol/water (1:1, v/v) with a sample to solvent
ratio of 1:5 (w/v), and the extraction was carried out during 1 h.
Then the mixture was maintained in darkness overnight at room
temperature. The extract was vacuum ﬁltered and ﬁnally diluted
1:10 with ethanol/water (1:1, v/v). Prior to the chromatographic
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redissolved in ethanol/ACN (1:1, v/v).
2.3. LC  LC-DAD-MS/MS
2.3.1. Instrumentation
The LC  LC-DAD instrumentation consisted on a ﬁrst dimen-
sion (1D) composed by an Agilent 1200 series liquid chromatograph
(Agilent Technologies, Santa Clara, CA) equipped with an auto-
sampler. In order to obtain more reproducible low ﬂow rates and
gradients, a Protecol ﬂow-splitter (SGE Analytical Science, Milton
Keynes, UK) was placed between the 1D pump and the autosampler.
Additionally, a LC pump (Agilent 1290 Inﬁnity) performed the
second dimension (2D). Both dimensions were connected by an
electronically-controlled two-position ten-port switching valve
acting as modulator equipped with two identical 30 ml injection
loops. Modulation time of the switching valve was 1.3 min. A diode
array detector was coupled after the second dimension in order to
register every 2D analysis. Besides, an Agilent 6320 Ion Trap mass
spectrometer equipped with an electrospray interface working in
negative ionization mode was coupled in series using the following
conditions: dry temperature, 350 C; dry gas ﬂow rate, 12 L min1;
nebulization pressure, 40 psi; mass range,m/z 90e2200 Da. The LC
data were elaborated and visualized using LC Image software
(version 1.0, Zoex Corp., Houston, TX).
2.3.2. LC  LC separation conditions
The 1D separation was carried out employing a SeQuant ZIC-
HILIC (150  1 mm, 3.5 mm d.p., Merck, Darmstadt, Germany) col-
umn. The analysis was run using (A) acetonitrile and (B) 10 mM
ammonium acetate at pH 5.0 as mobile phases, eluted according to
the following gradient: 0 min, 3% B; 5 min, 3% B; 10 min, 5% B;
15 min, 10% B; 30 min, 20% B; 40 min, 20% B; 50min, 30% B; 60 min,
30% B; 65 min, 40% B; 80 min, 40% B. The injection volume was
2.5 mL and the ﬂow rate was set at 15 mL min1.
On 2D, an Ascentis Express C18 (50  4.6 mm, 2.7 mm d.p.,
Supelco, Bellefonte, CA) partially porous column was employed.
Mobile phases consisted of (A) water (0.1% formic acid) and (B)
acetonitrile, eluted at 3 mL min1. During the LC  LC analysis two
2D gradients were employed in order to obtain the best 2D sepa-
rations in agreement with the compounds eluting from the 1D.
Therefore, from 0 min to 23.4 min the 2D gradient elution was:
0min, 0% B, 0.1 min, 5% B; 0.5min, 35% B; 0.9min, 70% B; 1min, 90%
B; 1.01 min, 0% B; 1.3 min, 0% B. On the other hand, from 23.4 to
80 min the employed gradient was programmed as follows: 0 min,
0% B; 0.1 min, 5% B; 0.3 min, 35% B; 0.5 min, 40% B; 0.9 min, 50% B;
1 min, 90% B; 1.01 min, 0% B; 1.3 min, 0% B. UVeVis spectra were
collected in the range of 190e550 nm using a sampling rate of
20 Hz, while 254, 280 and 330 nm signals were also independently
recorded. The eluent from the 2D column was splitted before
entering the MS instrument, so that the ﬂow rate introduced in the
MS detector was 0.6 mL min1.
3. Results and discussion
The metabolic proﬁle of licorice presents compounds with
different chemical nature, being the main ones triterpene saponins
and phenolic compounds including ﬂavanones, chalcones, ﬂavones,
isoﬂavones and isoprenylated ﬂavonoids [7]. Within this complex
mixture, isomers of some compounds may coexist in its composi-
tion as well as other compounds with closely related chemical
structures. Therefore, they present the same or close molecular
weights as well as related chromatographic behavior. For this
reason, the exhaustive separation of the whole array of these kinds
of compounds present in licorice is difﬁcult to be carried out byconventional analytical techniques such as HPLC or UHPLC. In fact,
many of these compounds coelute when separated under a single
retention mechanism. Hence, the employment of analytical tools
able to separate the sample by two separation process like LC x LC
may be effective for obtaining the complete separation of the
metabolic proﬁle of licorice.
3.1. Optimization of the 2D proﬁling of licorice
The combination of HILIC in the 1D and RPLC in the 2D has been
shown to provide a high orthogonality degree and therefore good
results in terms of peak capacity [30e36]. However, due to the
complexity of the samples that are usually analyzed by LC  LC
together with the challenging handling of this technique, the
development of each new LC  LC application has to be carefully
optimized. In this regard, in the present development each
dimension was separately studied and optimized.
To obtain appropriate conditions, slow separations are needed
in 1D, whereas 2D separations should be as fast as possible; this
way, individual 2D analysis time will directly inﬂuence the modu-
lation time, and thus, sampling from the 1D eluate. On the other
hand, the use of very low ﬂow rates in 1Dwill allowmaintaining the
transfer volume to a minimum and also increasing the sampling
from each 1D separated peak that could be cut more times into the
2D. Due to these requirements, the use of microbore columns in 1D
is advisable as they present several advantages in terms of sepa-
ration and resolution attainable at very low ﬂow rates. Conse-
quently, the use of these conditions will permit the collection and
injection of fractions continuously to the 2D, providing enough time
between fractions to completely ﬁnish each 2D analysis. Once the
basic morphology of the 1D column was selected, three different
HILIC-compatible stationary phases were tested, namely silica, diol
and ZIC-HILIC columns. For each type of column several gradients
and aqueous mobile phases were tested including 10 mM ammo-
nium acetate at pH 5, pH 5.5 and pH 7.5 or mixtures of acetonitrile,
methanol, water and acetic acid to ﬁnd the best conditions inde-
pendently. Fig. 1 shows a comparison of the separation attainable
using each column at the speciﬁc optimum conditions. It has to be
remarked that the silica columnwas used for comparison in spite of
not having the required dimensions to act a 1D. Still, this test
allowed us to discard this stationary phase for further use. After the
study and optimization of the experimental conditions that affect
the separation, the ZIC-HILIC column was selected employing
acetonitrile and 10 mM ammonium acetate at pH 5.0 as the opti-
mum mobile phases for the 1D separation. As it can be observed in
Fig. 1, the ZIC-HILIC column provided better resolution than the
other columnswith reasonable analysis times at 15 mLmin1, which
is an appropriate ﬂow rate in order to keep to a minimum the total
volume of each transfer to the 2D.
Next, the 2D separation was optimized individually by injecting
the whole sample. This provides a good measure of the separation
capabilities of the system even if in real conditions no such complex
fraction will be transferred into this 2D. Two short RP columns
(50  4.6 mm), containing C18 and PFP (pentaﬂuorophenyl)
partially porous particles (2.7 mm), were tested. Typically, the
separation carried out in the 2D has to be fast in order to ﬁnish each
2D analysis before the next 1D fraction is transferred. In this regard,
the employment of short partially porous columns in this kind of
separation is advantageous since these columns generate lower
backpressures and provide better efﬁciency in short analysis times.
For the optimization of the 2D separation, different mobile phases
including acetonitrile, methanol and different combinations of
acetonitrile/methanol as well as water and acidiﬁed water, and
gradients were studied.
After careful comparison of the best attainable separations, C18
Fig. 1. First dimension chromatograms (280 nm) obtained under optimum conditions for each type of column studied. Separations using: A) Silica column (250  2.5 mm, 5 mm d.p.,
Syncronis HILIC, Thermo Scientiﬁc) eluted using acetonitrile (with 0.1% HCOOH), and water (containing 0.1% HCOOH), at 0.5 mL min1; B) Diol column (150  1.0 mm, 5 mm d.p.,
Lichrospher diol-5, HiChrom) eluted using acetonitrile and 10 mM ammonium acetate at pH 5.5 at 15 mL min1, and; C) ZIC-HILIC column (150  1.0 mm, 3.5 mm d.p., SeQuant ZIC-
HILIC, Merck) at the optimum conditions detailed in Section 2.3.2. For other separation conditions, see text.
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tween the compounds contained in such a complex sample. The
optimized conditions involved the use of water (0.1% formic acid)
and acetonitrile as mobile phases.
Starting from the best possible separation conditions already
determined for the separation of licorice compounds in each
dimension, the optimization of the LC  LC method as a whole was
carried out. After the ﬁrst analyses it became evident that the huge
diversity of compounds contained in the sample meant that the
obtained metabolite proﬁles were clearly grouped in two different
areas in the 2D plane (Fig. 2A). Those compounds eluting ﬁrst from
the 1D (low polarity compounds, prenylated ﬂavonoids) were less
separated in the 2D under the chosen conditions that those eluting
later from the 1D (high polarity compounds, triterpene saponins)that were less retained in the 2D (Fig. 2A). Consequently, with the
aim to provide a proﬁle as separated as possible, it was decided to
reoptimize the 2D method by including two different gradients
along the LC  LC analysis. Fig. 2B and C show a comparison of the
two-dimensional separation of licorice compounds eluting ﬁrst
from the 1D (tr ~8e22 min). While in Fig. 2B the same gradient is
maintained along the 2D analysis (the same used for the second
part of the analysis), in Fig. 2C a newly optimized 2D gradient was
used in order tomaximize the separation of the compounds eluting
in this area (see details in Section 2.3.). As can be seen, signiﬁcantly
better separation could be obtained using the new gradient. Thus,
under the ﬁnally optimized LC  LC conditions, two different 2D
gradients were adopted in order to achieve the best possible sep-
aration of the licorice metabolites in agreement with their chemical
Fig. 2. Two-dimensional licorice metabolites proﬁles (280 nm) obtained under the studied conditions using the same 2D gradient along the whole analysis (A). Comparison of the
separation obtained in the ﬁrst area using the same 2D gradient (B) and the newly optimized 2D gradient. For separation conditions, see text.
L. Montero et al. / Analytica Chimica Acta 913 (2016) 145e159 149nature, allowing a theoretical peak capacity value of 1306, calcu-
lated according to Li et al. [37], which considers the 2D time cycle as
well as the inﬂuence of undersampling of the 1D eluate. Moreover,
as it can be observed from the 2D plots illustrated in Fig. 2, the
retention in both dimensions was clearly non-correlated, assuring a
good degree of orthogonality.3.2. Phenolic compounds and saponins proﬁling of licorice by
HILIC  RP-DAD-MS/MS
Once the ZIC-HILIC  C18 method was completely optimized, an
MS instrument equipped with an ESI interface working in negative
ionization mode was coupled in series to the DAD for the
Table 1
Tentatively identiﬁed common metabolites present in more than one licorice sample together with their MS and MS/MS information. Source: A) China, B) Iran, C) Crotone
(Italy), D) Azerbaijan and E) Villapiana (Italy).
Peak 2D tR
(s)
Total tR
(min)
[MH] Main MS/MS fragments
detected
Identiﬁcation Structure class Source Ref
1 67.9 8.93 409.3 405, 391, 365, 235, 217 Kanzonol Y Prenylated favonoid B, C, E [38]
2 53.3 9.99 576.8 539, 518, 419, 331, 261, 187 NI B, D
3 70.9 10.28 409.4 391, 235 NI C, D, E
4 40.7 11.08 255.0 134, 119 Liquiritigenin or isomer Flavanone B, D. E [39e42]
5 35.3 12.29 727.7 613, 549, 532, 255 NI Flavanone A, B, C, D
6 37.5 12.33 727.4 549, 531, 389, 255 NI Flavanone B, C, D
7 31.0 14.82 417.2 255, 135 (Iso)liquiritin/Neo(iso)liquiritin Flavanone B, E [43e45]
8 34.4 42.17 725.3 549, 531, 399, 255 Licorice glycoside A/C1/C2 or isomer Flavanone B, E [9,22,42,44]
9 33.3 42.81 725.2 695, 512, 575, 549, 532, 255 Licorice glycoside A/C1/C2 or isomer Flavanone B, E [9,22,42,44]
10 31.1 43.42 419.4 391, 279, 256, 201, 135 NI B, E
11 37.3 44.82 725.3 549, 531, 255 Licorice glycoside A/C1/C2 or isomer Flavanone B, E [9,22,42,44]
12 31.0 46.02 633.8 587, 549, 511, 426, 339, 295,
229
Sarcaglaboside D Sesquiterpene Glycoside A, D, E [45]
13 32.6 46.04 549.7 494, 481, 419, 256 Flavanone A, B, C, D, E
14 34.1 46.07 695.3 649, 549, 531, 417, 255 Licorice glycoside B/D1/D2 Flavanone C, E [9,27,42]
15 29.6 47.28 759.4 549, 467, 209 NI A, B, E
16 38.8 47.45 549.2 429, 255 (Iso)liquiritin apioside Flavanone A, D [7,22,44,45]
17 30.5 48.61 549.9 494, 481, 419, 256 NI Flavanone B, D, E
18 32.8 48.65 549.2 429, 417, 297, 255 (Iso)liquiritin apioside Flavanone A, B, C, D, E [7,22,44,44]
19 37.1 48.72 549.8 494, 480, 418, 255 NI Flavanone C, D
20 29.3 51.19 577.3 559, 526, 503, 488, 441, 406 (Iso)violantin Flavone B, C, D, E [9,22]
21 30.3 51.21 665.9 619, 551, 530, 505, 447, 383,
239
NI A, E
22 27.1 51.80 721.3 677, 619, 577, 559, 487, 457,
383
NI Flavone A, C
23 60.7 52.36 777.6 715, 627, 538, 470, 427 Apioglycyrrhizin Triterpene saponin A, B, C, D, E [7]
24 29.4 52.49 577.2 559, 526, 503, 488, 441, 406 (Iso)violantin Flavone B, C, D [9,22]
25 27.8 53.76 711.1 674, 649, 591, 549, 531, 443,
423, 298, 255
Glucoliquiritin apioside or isomer Flavanone C, E [39,46]
26 29.4 53.79 837.8 828, 791, 672, 588, 472 Cycloheptaleucyl Cyclopeptide A, B, C, D, E [42]
27 49.2 54.12 983.7 965, 921, 879, 838, 733, 715,
687, 645, 439
NI A, E
28 28.5 54.43 563.1 545, 503, 473, 443, 383, 353 Shaftoside/Apigenin
6-C-Glucoside-C-Arabinoside
Flavone C, D [22,39,47]
29 52.2 54.82 807.3 745, 627, 609, 583, 537, 469,
351
Licorice saponin B2 or isomer Triterpene saponin A, B, C, D, E [42]
30 63.0 55.00 793.5 775, 732, 645, 522, 351 NI Triterpene saponin D, E
31 28.6 55.08 711.2 674, 649, 591, 549, 531, 443,
423, 298, 255
Glucoliquiritin apioside or isomer Flavanone A, B, C, D, E [39,46]
32 30.9 55.12 649.2 631, 613, 604, 565, 523, 444,
392, 259
NI A, B, D, E
33 41.1 55.29 939.6 921, 879, 879, 777, 645, 523,
437
NI Triterpene saponin B, C, D
34 49.0 55.42 865.3 847, 821, 803, 727, 689, 608,
351
22-acetyl licorice saponin B2 or isomer Triterpene saponin A, B, D [47]
35 50.1 55.44 865.3 805, 690, 607, 351 22-acetyl licorice saponin B2 or isomer Triterpene saponin A, E [47]
36 27.0 56.35 711.4 674, 649, 591, 549, 531, 443,
423, 298, 255
Glucoliquiritin apioside or isomer Flavanone C, D, E [39,46]
37 29.6 56.39 707.3 647, 617, 563, 545, 473, 443,
353, 255, 205
3-Hydroxyl-3-methylglutaroyl-(iso)
schaftoside
Flavone C, E [42]
38 65.1 56.99 807.0 791, 745, 632, 351, 334, 289,
261
Licorice saponin B2 or isomer Triterpene saponin A, B, C, D, E [7,9,42,44]
39 44.5 59.24 865.0 848, 821, 803, 689, 351 22-acetyl licorice saponin B2 or isomer Triterpene saponin B, C, E [47]
40 52.5 59.38 821.0 801, 757, 644, 351, 333 18-a-glycyrrhizin/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice
saponin H2/Licorice saponin K2
Triterpene saponin B, C [7,17,42,45]
41 57.6 59.46 807.0 789, 746, 632, 351, 334, 290 Licorice saponin B2 or isomer Triterpene saponin A, B, C, D, E [7,9,42,44]
42 65.6 59.59 939.8 921, 878, 523, 776, 622, 497,
435
NI Triterpene saponin A, B, E
43 28.4 59.63 675.9 549, 531, 255 NI B, E
44 37.0 59.77 881.6 864, 819, 705, 351 22-Acetoxyl licorice saponin J2 Triterpene saponin A, D [46]
45 41.0 59.83 969.9 953, 925, 909,835, 824, 793, 351 Albiziasaponin B or isomer Triterpene saponin B, D [42]
46 49.4 59.97 1011.6 993, 949, 867, 831, 689, 643,
629, 497, 321
Licorice saponin D3 Triterpene saponin B, C, E [7]
47 57.4 60.11 955.8 938, 847, 633, 611, 497, 435,
339
Yunganoside A1/C1/B1 Triterpene saponin B, C [9]
48 59.8 60.15 737.3 719, 647, 617, 593, 503, 473,
393, 353
6-(3-Hydroxy-3-methylglutaroyl)-
vicenin-2 or isomer
Flavone C, D, E
49 57.0 60.21 807.5 789, 745, 631, 611, 351, 289 Licorice saponin B2 or isomer Triterpene saponin C, E [7,9,42,44]
50 60.6 60.27 953.8 937, 892, 849, 790, 633, 497,
339, 321
NI Triterpene saponin A, B, C, D
51 27.9 60.27 593.3 575, 503, 474, 441, 406, 354 Apigenin 6,8-di-C-glucoside (Vicenin-2) Flavone B, C, D, E [47]
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Peak 2D tR
(s)
Total tR
(min)
[MH] Main MS/MS fragments
detected
Identiﬁcation Structure class Source Ref
52 35.3 60.39 823.5 805, 779, 761, 647, 539, 351,
333, 289
Licorice saponin J2/Uralsaponin C Triterpene saponin A, B, C, D, E [33,44e46]
53 41.4 60.49 879.8 861, 800, 703, 685, 643, 584,
351, 333, 315
22-Acetoxyl-glycyrrhizin Triterpene saponin A, B, C, D, E [45,47]
54 52.6 60.68 821.5 803, 759, 645, 351 Glycyrrhizic acid Triterpene saponin A, B, C, D, E [17,42,45]
55 60.0 60.80 821.4 803, 759, 645, 351 18-a-glycyrrhizin/Yunnanglysaponin B/
macedonoside C/Yunganoside L2/
Uralsaponin A/Licorice saponin H2/
Licorice saponin K2
Triterpene saponin A, B, C, D, E [17,42,45]
56 27.7 62.86 737.3 675, 635, 619, 593, 575, 503,
473, 353
6-(3-Hydroxy-3-methylglutaroyl)-
vicenin-2 or isomer
Flavone B, C, E
57 28.7 62.88 737.5 675, 635, 619, 593, 575, 503,
473, 353
6-(3-Hydroxy-3-methylglutaroyl)-
vicenin-2 or isomer
Flavone A, B, C, D, E,
58 49.6 63.23 821.3 803, 759, 645, 351 18-a-glycyrrhizin/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice
saponin H2/Licorice saponin K2
Triterpene saponin B, C, D, E [17,42,45]
59 52.6 63.28 821.4 803, 759, 645, 351 18-a-glycyrrhizin/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice
saponin H2/Licorice saponin K2
Triterpene saponin B, C [17,42,45]
60 31.8 64.23 969.6 951, 904, 837, 793, 711, 351 Albiziasaponin B or isomer Triterpene saponin A, C, D [42]
61 33.8 64.26 969.1 951, 793, 497, 436, 351 Albiziasaponin B or isomer Triterpene saponin D, E [42]
62 37.0 63.72 1025.7 1007, 956, 908, 645, 497, 321 22-Acetoxyl-rhaoglycyrrhizin Triterpene saponin A, C, E [45,48]
63 47.8 65.80 837.6 819, 776, 704, 661, 485, 351,
333, 289
Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin A, B [7,9,17,22,42,44e47]
64 48.2 73.03 837.5 819, 776, 704, 661, 485, 351,
333, 289
Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin A, B, C, D, E [7,9,17,22,42,44e47]
65 52.3 65.87 821.5 803, 759, 645, 351 18aglycyrrhizin/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice
saponin H2/Licorice saponin K2
Triterpene saponin A, B, C, D, E [17,42,45]
66 37.0 66.92 983.5 923, 863, 821, 803, 760, 645,
351, 289
Licorice saponin A3 or isomer Triterpene saponin A, B, C, D, E [45]
67 39.7 66.93 983.5 923, 863, 821, 803, 760, 645,
351, 289
Licorice saponin A3 or isomer Triterpene saponin B, C, D, E [45]
68 48.6 67.11 969.7 951, 904, 837, 793, 711, 351 Albiziasaponin B or isomer Triterpene saponin B, C, D, E [42]
69 52.8 67.18 967.7 949, 906, 833, 645, 497, 321 Yunganoside J1/L1 Triterpene saponin B, C [42]
70 44.8 68.35 837.6 819, 781, 661, 351 Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin C, D, E [7,9,17,22,42,44e47]
71 50.3 68.44 837.7 819, 775, 661, 644, 351 Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin A, B, C, D, E [7,9,17,22,42,44e47]
72 59.7 68.60 821.5 803, 759, 645, 351 18aglycyrrhizin/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice
saponin H2/Licorice saponin K2
Triterpene saponin B, C, D, E [17,42,45]
73 31.1 70.72 1115.9 1097, 793, 497, 435 NI A, D
74 34.6 70.78 999.6 881, 837, 819, 661, 351 22-Hydroxyl-licorice saponin A3 Triterpene saponin A, B, C, E [42,45,48]
75 36.9 70.82 989.6 966, 924, 821, 803, 645, 501,
351, 289
Licorice saponin A3 or isomer Triterpene saponin A, B, C, D, E [45]
76 39.9 70.87 969.8 951, 907, 793, 351, 289 Albiziasaponin B or isomer Triterpene saponin C, E [42]
77 41.8 72.19 837.6 821, 776, 661, 485, 351 Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin B, C, D, E [7,9,17,22,42,44e47]
78 36.0 73.40 837.7 821, 776, 661, 485, 351 Licorice saponin G2 or isomers/24-
hydroxyl-glycyrrhizin/YunganosideK2/
Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin B, C, D, E [7,9,17,22,42,44e47]
79 38.1 71.74 853.6 837, 835, 677, 502, 351 22-Hydroxy licorice saponin G2 Triterpene saponin B, C, D, E [42,48]
80 42.9 74.82 983.7 965, 880, 821, 661, 497, 339,
321
Licorice saponin A3 or isomer Triterpene saponin B, C, D, E [45]
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The employed MS analyzer was an ion trap that offered valuable
information about the chemical structure of the separated com-
pounds thanks to its capacity to work in MS/MS mode. However,
the use of a high resolution MS detector with high scanning speedcould signiﬁcantly improve the obtained results in terms of
reducing the number of non-identiﬁed compounds and increasing
the certainty of the identiﬁcations. The ﬁve licorice samples stud-
ied, belonging to diverse locations, namely, Calabria-Italy (Villapi-
ana and Crotone), Iran, China and Azerbaijan, were injected and
Table 2
Tentatively identiﬁed metabolites exclusively found present in the indicated licorice source.
ID 2D tR
(s)
Total tR
(min)
[MH] Main MS/MS fragments detected Identiﬁcation Structure class Ref.
China
A1 51.2 8.65 331.2 311, 293, 229, 211, 171, 139, 99 NI
A2 53.4 8.69 269.8 Emodin [49]
A3 72.1 10.30 407.4 379, 284, 235, 177, 135 NI
A4 74.2 10.34 423.9 391, 347, 322, 229, 207, 193, 177 Kanzonol H or isomer Prenylated ﬂavonoid [50,51]
A5 31.2 12.22 417.2 297, 255, 174, 135 (Iso)liquiritin/Neo(iso)liquiritin Flavanone [43e45]
A6 34.3 12.27 433.3 385, 301, 271, 176, 151 5-Hydroxyliquiritin Flavanone [52]
A7 38.9 12.35 695.3 549, 531, 399, 255 Licorice glycoside B/D1/D2 Flavanone [9,27,42]
A8 40.7 12.38 417.4 297, 255, 135 (Iso)liquiritin/Neo(iso)liquiritin Flavanone [43e45]
A9 43.1 12.42 475.3a 417, 345, 311, 267, 252 Ononin Prenylated ﬂavonoid [53]
A10 54.2 12.60 255.0 134, 119 Liquiritigenin or isomer Flavanone [39e42]
A11 59.1 12.69 369.3 352, 339, 323, 309, 297, 284 NI
A12 61.0 12.72 423.4 405, 387, 355, 264, 213, 148 NI
A13 31.4 13.52 419.0 298, 256, 153, 134, 119 NI
A14 33.3 13.56 551.1 515, 445, 429, 419, 297, 255, 221 NI Flavanone
A15 32.0 14.83 586.7 549, 539, 504, 399 NI
A16 31.0 47.32 481.4 438, 432, 417, 381, 321, 255 NI Flavanone
A17 35.3 47.39 551.6 515, 431, 419, 389, 297, 257 NI Flavanone/Chalcone
A18 37.3 47.42 551.0 429, 417, 297, 255 NI Flavanone/Chalcone
A19 38.5 47.44 478.5 423, 378, 319, 271, 167 NI
A20 32.7 49.95 777.1 716, 627, 537 Apioglycyrrhizin Triterpene saponin [42]
A21 27.5 51.16 579.4 547, 417, 324, 255 Liquiritigenin -7, 40 diglucoside/Glucoliquiritin Flavanone [53]
A22 28.9 51.18 528.7 509, 483, 410, 273, 247 NI
A23 46.9 51.48 836.0 775, 685, 626 Cycloheptaleucyl Cyclopeptide [42]
A24 27.7 53.76 590.8 549, 531, 471, 459, 297, 255 Liquiritigenin 4'-[3-acetylapiosyl-(1-2)] glucoside Triterpene saponin
A25 31.8 53.83 881.8 864, 819, 754, 705, 644, 584, 351 22-Acetoxyl glycyrrhizic acid/22b-acetoxyl
licorice saponin J2
Triterpene saponin [43]
A26 46.9 54.08 866.3 805, 626 NI
A27 50.2 54.14 966.3 947, 896, 863, 757, 717, 671,
629, 579, 537
NI
A28 60.6 54.31 809.3 745, 627, 537 NI
A29 37.3 55.22 810.3 629, 540 NI
A30 40.7 55.28 923.9 905, 877, 861, 777, 716, 627,
609, 537
NI
A31 41.9 55.30 1014.1 995, 951, 909, 867, 805, 782,
763, 745, 687,
645, 601, 487, 371
NI
A32 46.9 55.38 997.9 935, 893, 787, 747, 652, 629,
579, 539
NI
A33 52.1 55.47 868.0 830, 806, 690, 599, 487, 351 NI Triterpene saponin
A34 41.0 56.58 982.7 963, 921, 903, 859, 815, 685,
669, 643, 625,
595, 581, 535
NI
A35 50.5 56.74 864.8 847, 803, 687, 351 22-Acetoxyl licorice saponin C2 Triterpene saponin [46]
A36 28.7 57.68 709.6 647, 617, 563, 473, 443, 383 NI
A37 37.5 57.83 1012.2 993, 951, 889, 845, 744, 699,
685, 667, 643,
625, 595, 535, 423
NI
A38 28.7 58.33 955.8 937, 893, 793, 747, 643, 539 Hederagenin-3-Orhamnosyl glucoryl arabinosyl
glucuronide or isomer
Triterpene saponin
A39 37.7 58.48 837.3 817, 773, 701, 659, 351, 289 Licorice saponin G2 or isomer/24- hydroxyl-glycyrrhizin/
YunganosideK2/Macedonoside P/Macedenosin B/
Macedenosin A
Triterpene saponin [55,55]
A40 26.4 58.94 676.7 632, 550, 475, 402, 297, 256 NI [7,9,17,22,42,44e47]
A41 44.7 59.25 823.1 654, 351 Licorice saponin J2/Uralsaponin C or isomer Triterpene saponin
A42 28.7 60.28 823.2 806, 761, 647, 351 Licorice saponin J2/Uralsaponin C or isomer Triterpene saponin [39,44,46]
A43 40.9 60.48 881.5 862, 819, 575, 705, 643, 466, 351 22-Acetoxyl glycyrrhizic acid/22b-acetoxyl
licorice saponin J2
Triterpene saponin [36,44e46]
A44 35.1 62.99 967.7 933, 907, 794, 351 NI Triterpene saponin [46]
A45 37.7 64.33 895.6 877, 833, 721, 351 22-Acetoxyl licorice saponin G2 Triterpene saponin
A46 33.4 65.56 841.6 821, 663, 351 NI Triterpene saponin [46]
A47 41.1 65.69 882.1 863, 803, 351 NI Triterpene saponin
A48 33.5 72.06 1129.7 1060, 967, 951, 931, 807,
627, 497, 321
NI Triterpene saponin
A49 33.5 73.36 837.2 820, 661, 351 Licorice saponin G2 or isomers/24- hydroxyl-glycyrrhizin/
YunganosideK2/Macedonoside P/Macedenosin B/
Macedenosin A
Triterpene saponin [7,9,17,22,42,44e47]
A50 30.35 74.61 1132.6 1114, 1072, 1052, 497 NI Triterpene saponin
Iran
B1 40.7 9.78 577.2 559, 539, 472, 386, 329 NI
B2 61.3 10.12 557.1 539, 521, 499, 381, 323, 261, 173 NI
B3 67.9 10.23 423.0 403, 352, 309, 229, 193 Kanzonol H or isomer Prenylated ﬂavonoid [53]
B4 70.6 10.28 468.4 441, 423, 405, 335, 248, 178 NI
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ID 2D tR
(s)
Total tR
(min)
[MH] Main MS/MS fragments detected Identiﬁcation Structure class Ref.
B5 32.6 12.24 477.7a 443, 433, 317, 271, 252, 176 Naringenin-7-Oglucoside or isomer Flavanone [52]
B6 68.6 12.84 742.7 725, 672, 633, 539, 417, 309 NI
B7 31.2 13.52 496.6 481, 460, 418, 297, 230, 162 NI
B8 34.4 13.57 725.3 632, 612, 549, 533, 255 Licorice glycoside A/C1/C2 or isomer Flavanone [9,22,42,44]
B9 37.6 13.63 695.3 549, 531, 399, 255 Licorice glycoside B/D1/D2 Flavanone [9,27,42]
B10 68.6 14.14 525.7 456, 334 NI
B11 30.4 20.01 491.4 446, 283, 267, 211 NI
B12 35.1 27.89 578.2 534, 387, 326, 283, 268, 194 NI Isoﬂavone
B13 35.2 29.19 695.3 576, 549, 531, 255 Licorice glycoside B/D1/D2 Flavanone [9,27,42]
B14 33.6 42.16 563.6 483, 427, 310, 267, 253, 183 NI
B15 34.0 44.77 697.5 662, 551, 533, 255 NI Flavanone/Chalcone
B16 39.5 44.86 903.5 885, 873, 725, 531, 255 NI Flavanone
B17 29.3 45.99 518.9 446, 385, 307, 205, 153 NI
B18 31.0 46.02 633.9 587, 549, 417, 339 NI
B19 33.4 46.06 921.7 903, 873, 725, 549 NI
B20 37.1 46.12 727.4 685, 550, 532, 309, 255 NI Flavanone
B21 38.8 48.75 565.3 471, 433, 271, 161 Naringenin 7-O-(2-b-D-apiofuranosyl)-b-D-glucopyranoside Flavanone [42]
B22 52.2 52.87 808.3 745, 627, 539, 469 NI Triterpene saponin
B23 40.1 55.27 1013.7 996, 952, 928, 909, 805, 763,
745, 687,
645, 601, 469
NI
B24 46.9 56.68 824.0 804, 779, 762, 643, 600, 554, 485 NI Triterpene saponin
B25 27.0 57.65 563.1 545, 503, 485, 473, 443, 383, 353 Shaftoside Flavone [56]
B26 50.7 58.05 924.0 905, 862, 777, 716, 627, 537 NI Triterpene saponin
B27 67.3 58.32 805.5 787, 746, 631, 351, 289 Licorice saponin C2 Triterpene saponin [9]
B28 51.3 59.36 1222.1 1204, 1088, 1045, 965, 869,
789, 352
NI Triterpene saponin
B29 45.4 60.56 1027.8 1009, 984, 922, 706, 559, 497, 339 NI Triterpene saponin
B30 34.0 64.27 825.6 808, 779, 765, 649, 599, 554, 351,
333, 259
NI Triterpene saponin
B31 32.1 65.53 969.7 953, 925, 909,835, 824, 793, 351 Albiziasaponin B or isomer Triterpene saponin [42]
B32 45.0 68.35 837.6 819, 661, 485, 351 Licorice saponin G2 or isomers/24- hydroxyl-glycyrrhizin/
YunganosideK2/Macedonoside P/Macedenosin B/
Macedenosin A or isomers
Triterpene saponin [7,9,17,22,42,44e47]
B33 52.9 68.48 839.1 821, 777, 715, 663, 645, 488,
351, 334,
289, 261, 235
Yunganoside G2 or isomer Triterpene saponin [9]
B34 50.2 69.74 969.7 951, 924, 887, 833, 647, 497,
405, 339, 321
Albiziasaponin B or isomer Triterpene saponin [42]
B35 56.9 71.15 839.1 837, 821, 663, 351 Yunganoside G2 or isomer Triterpene saponin [9]
B36 50.8 73.65 985.8 967, 923, 851, 663, 497, 435, 321 Yunganoside K1 or isomer Triterpene saponin [17]
Crotone (Italy)
C1 53.5 8.69 391.0 Hispaglabridin Prenylated ﬂavonoid [43]
C2 62.5 8.84 385.6 367, 340, 311, 162 Glyasperin E Prenylated ﬂavonoid [57]
C3 31.2 12.22 419.2 255, 135 NI
C4 34.1 12.31 420.2 401, 297, 257, 119 NI
C5 71.5 12.89 667.4 644, 553, 471, 290, 210 NI
C6 31.3 13.52 659.7 642, 548, 481, 335 NI
C7 30.1 20.00 549.2 488, 445, 429, 325, 255 NI Flavanone
C8 31.2 47.32 549.7 494, 430, 342, 293, 256 NI Flavanone
C9 29.4 48.59 634.0 598, 549, 492 NI
C10 33.1 51.25 724.3a 677, 633, 577, 550, 283, 225 NI
C11 30.8 54.41 721.9 703, 647, 617, 577, 559, 457,
383, 353
Apigenin 6-C-a-L-rhamnopyranoside-8-
C-[6000-(3-methylglutaroyl)-b-D-glucopyranoside]
Flavone [58]
C12 53.3 54.79 793.7 775, 750, 731, 644, 485, 384, 351 NI Triterpene saponin
C13 43.9 55.33 807.3 789, 765, 633, 524, 423, 351 Licorice saponin B2 or isomer Triterpene saponin [42]
C14 55.7 55.53 863.5 845, 687, 393, 351, 263 22-Acetoxy-glycyrrhaldehyde Triterpene saponin [49]
C15 44.8 59.25 807.3 791, 747, 631, 527, 351 Licorice saponin B2 or isomer Triterpene saponin [42]
C16 41.3 59.84 953.6 936, 862, 803, 497, 321 Yunganoside D1/H1/I1 Triterpene saponin [17]
C17 64.7 60.23 821.4 803, 759, 645, 351 18aglycyrrhizin/Yunnanglysaponin B/Macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice saponin H2/
Licorice saponin K2
Triterpene saponin [17,42,45]
C18 42.8 64.41 895.6 877, 660, 351 22b-Acetoxyl licorice saponin G2 Triterpene saponin [46]
C19 40.7 72.68 969.7 952, 922, 793, 351 Albiziasaponin B or isomer Triterpene saponin [42]
Azerbaijan
D1 62.5 10.14 559.0 541, 421, 375, 313, 223 NI
D2 66.3 10.21 556.9 539, 487, 391, 336, 253 NI
D3 68.2 10.24 411.5 392, 236, 217, 177 NI
D4 41.0 11.08 661.3 642, 549, 481, 335 NI
D5 32.8 12.25 725.2 549, 531, 255 Licorice glycoside A/C1/C2 or isomer Flavanone [9,22,42,44]
D6 39.5 12.36 737.3 691, 653, 613, 543, 381, 267 NI
D7 70.5 12.88 757.1 741, 711, 521, 349, 297 NI
D8 31.2 13.52 480.9 444, 376, 283, 137 NI
(continued on next page)
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(s)
Total tR
(min)
[MH] Main MS/MS fragments detected Identiﬁcation Structure class Ref.
D9 34.4 13.57 727.7 669, 551, 533, 399, 311, 254 NI
D10 36.6 13.61 697.5 632, 550, 532, 430, 281 NI
D11 33.8 16.16 648.1 561, 322, 267 NI
D12 33.8 17.46 598.3 561, 867 NI
D13 35.1 33.09 561.2 482, 309, 267, 252 Glycyroside or isomer Isoﬂavone [42,51]
D14 33.5 48.66 561.1 484, 401, 309, 267 Glycyroside or isomer Isoﬂavone [42,51]
D15 31.5 48.63 711.1 693, 681, 601, 417, 385 NI
D16 33.3 48.66 670.8 626, 549, 531, 255 NI Flavanone/Chalcone
D17 38.7 54.60 921.4 903, 874, 835, 790, 725, 550, 531 NI
D18 53.6 55.49 955.6 937, 747, 630 Hederagenin-3-O-rhamnosyl glucoryl arabinosyl
glucuronide or isomer
Triterpene saponin [54,55]
D19 45.1 55.35 867.6 848, 691, 351 NI Triterpene saponin
D20 51.1 59.35 867.3 847, 803, 689, 593, 351 NI Triterpene saponin
D21 65.9 60.25 807.4 790, 744, 676, 630, 454, 351 NI Triterpene saponin
D22 30.2 64.20 713.5 674, 593, 550, 255 NI Flavanone/Chalcone
D23 41.6 64.39 985.5 863, 823, 805, 647, 497, 351 Yunganoside K1 or isomer Triterpene saponin [17]
D24 43.6 64.43 1027.8 990, 983, 959, 942, 646, 497 NI Triterpene saponin
D25 48.4 64.51 837.5 819, 793, 775, 661, 351 Licorice saponin G2/24- hydroxyl-glycyrrhizin/
YunganosideK2/Macedonoside P/
Macedenosin B/Macedenosin A
Triterpene saponin [7,9,17,22,42,44e47]
D26 49.9 64.53 837.6 819, 793, 775, 661, 351 Licorice saponin G2/24- hydroxyl-glycyrrhizin/
YunganosideK2/Macedonoside P/
Macedenosin B/Macedenosin A
Triterpene saponin [7,9,17,22,42,44e47]
D27 58.7 64.68 821.4 805, 760, 647, 627, 351 18aglycyrrhizin/Yunnanglysaponin B/macedonoside C/
Yunganoside L2/Uralsaponin A/Licorice saponin H2/
Licorice saponin K2
Triterpene saponin [17,42,45]
D28 37.2 66.92 983.5 965, 923, 863, 821, 804, 760,
645, 351
Licorice saponin A3 Triterpene saponin [45]
D29 39.8 68.26 971.2 953, 909, 791, 585, 497,
435, 351
NI Triterpene saponin
D30 31.8 70.73 969.7 951, 907, 807, 793, 643,
553, 497, 351
Albiziasaponin B or isomer Triterpene saponin [42]
D31 31.1 72.02 1115.9 1098, 981, 951, 858, 793,
497, 435
Triterpene saponin
D32 30.7 74.61 985.5 983, 967, 924, 810, 496,
405, 351
Yunganoside K1 or isomer Triterpene saponin [17]
D33 48.2 76.20 969.7 946, 864, 821, 803, 645,
527, 351, 289
NI Triterpene saponin
D34 35.9 77.30 987.2 967, 923, 810, 351 NI Triterpene saponin
Villapiana (Italy)
E1 53.8 8.70 345.4 235, 166 NI
E2 57.4 8.76 472.2 386, 296, 178
E3 62.2 8.84 359.0 311, 269, 177
E4 71.8 9.00 323.2 253, 213, 201, 135, 121 Glabridin Prenylated ﬂavonoid [9,43]
E5 35.4 9.69 477.1 432, 353, 268, 253, 221 Naringenin-7-Oglucoside or isomer Flavanone [42]
E6 32.5 9.64 592.4 549, 531, 255 NI
E7 34.7 9.68 725.2 611, 549, 532, 255 Licorice glycoside A/C1/C2 or isomer Flavanone [9,22,42,44]
E8 37.3 9.72 695.3 549, 531, 255 Licorice glycoside B/D1/D2 or isomer Flavanone [9,27,42]
E9 30.1 42.10 725.4 678, 605, 577, 562, 549, 531,
310, 255
Licorice glycoside A/C1/C2 or isomer Flavanone [9,22,42,44]
E10 29.3 43.39 591.5 549, 531, 473, 399, 255 NI Flavanone
E11 34.6 51.28 549.2 429, 417, 297, 255 (Iso)liquiritin apioside Flavanone [7,22,44,45]
E12 34.6 55.18 723.7a 677, 659, 577, 457, 383 Cyclohexaleucyl Cyclopeptide [42]
E13 36.7 55.21 925.7 908, 894, 879, 717, 603, 539,
509, 469
NI
E14 32.9 60.35 939.6 922, 877, 777, 732, 644, 524, 457 dHex-Hex-HexA-Soyasapogenol E Triterpene saponin [54]
E15 44.4 60.54 707.2 674, 648, 617, 563, 545, 443,
383, 353, 255
3-Hydroxyl-3-methylglutaroyl-(iso)schaftoside Triterpene saponin [42]
E16 34.6 62.98 865.3 847, 804, 689, 582, 351 22-acetyl licorice saponin B2 Triterpene saponin [47]
E17 40.8 63.08 823.5 805, 761, 648, 351 Licorice saponin J2/Uralsaponin C or isomer Triterpene saponin [33,44e47]
E18 57.7 63.36 1011.7 994, 923, 689, 497, 339 Licorice saponin D3 Triterpene saponin [7]
E19 43.2 65.72 821.3 804, 760, 646, 351 18aglycyrrhizin/Yunnanglysaponin B/Macedonoside C/
Yunganoside L2/
Uralsaponin A/Licorice saponin H2/Licorice saponin K2
Triterpene saponin [17,42,45]
E20 41.3 73.49 939.2 922, 878, 732, 643, 554, 485, 356 NI Triterpene saponin
E21 40.8 74.78 837.5 821, 775, 661, 351 Licorice saponin G2 or isomers/24- hydroxyl-glycyrrhizin/
YunganosideK2/
Macedonoside P/Macedenosin B/Macedenosin A or isomers
Triterpene saponin [7,9,17,22,42,44e47]
a Ions detected as [MH þ HCOOH].
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identiﬁed in more than one sample, whereas Table 2 shows those
compounds that were exclusively found in just one location(potential markers of geographical origin). Fig. 3 shows the two-
dimensional plots obtained for each sample in which the
assigned peaks are marked.
Fig. 3. Two-dimensional HILIC  RP licorice metabolites proﬁles (280 nm) obtained for licorice samples collected from China (A), Iran (B), Crotone (Italy, C), Azerbaijan (D) and
Villapiana (Italy, E). For peak identiﬁcation, see Tables 1 and 2. Separation details in Section 2.3.
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phenolic compounds, including ﬂavanones, chalcones, ﬂavones,
isoﬂavones and isoprenylated ﬂavonoids. Some of these ﬂavonoids
may be found as aglycones or glycosylated. Each group of com-
pounds described in licorice can be identiﬁed attending to their
mass fragmentation pathway [42]. This information was collected
and studied in order to tentatively assign the separated peaks in the
different samples.
In any case, as can be seen in Fig. 3 the proﬁle of the 5 licorice
samples is rather similar being the main detected compounds
(those with higher intensities) present in all locations.
3.2.1. Flavonoid aglycones and prenylated ﬂavonoids
At the beginning of the analysis, a group of prenylated ﬂavo-
noids was found together with other ﬂavonoid aglycones, clearly
located in the upper side of the 2D plot, as can be observed in Fig. 2.
Among prenylated ﬂavonoids, only kanzonol Y (peak 1, m/z 409.6)
was described in more than a sample. Others were just found to bepotential markers of location, such as glabridin (peak E4) from
Villapiana, hispaglabridin (peak C1) and glyasperin E (peak C2)
from Crotone or kanzonol H (peak A4) from China.
The most relevant ﬂavonoid aglycone found was liquiritigenin
(peak 4), a ﬂavanone with [MH] at m/z 255.0, which provided
fragment ions at m/z 135 and 119 through the fragmentation via
retro DielseAlder (RDA) reaction. Fig. 4A shows the MS/MS frag-
mentation pattern of this compound.
3.2.2. Glycosylated ﬂavanones and chalcones
Glycosylated ﬂavanones and their related glycosylated chal-
cones were found to be the major phenolic compounds in the
metabolites proﬁle of all the studied samples. Depending on the
position of the OH- groups of the molecule, the fragmentation
pathway of these compounds was different. Among them, different
peaks presented MS/MS fragmentation patterns that gave rise to a
characteristic fragment with m/z 255, corresponding to the agly-
cone liquiritigenin. Thus, the presence of the fragment at m/z 255
Fig. 4. Chemical structure and MS/MS fragmentation patterns for A) liquiritigenin, B) licorice glycoside A, C) licorice glycoside B, and D) liquiritin apioside, detected in the licorice
samples.
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groups. In particular peaks 8, 9 and 11 with [MH] at m/z 725.3
were assigned to licorice glycoside A or licorice glycoside C1 or C2.The chemical structure of these compounds presents two glycoside
groups (an apiose and a glucose units), and a p-coumaroyl group
with a methylated group that decreases their polarity; therefore,
Fig. 5. Reconstructed two-dimensional HILIC  RP traces of metabolites exclusively present in the indicated licorice sample. A) China, B) Iran, C) Crotone (Italy), D) Azerbaijan and E)
Villapiana (Italy).
L. Montero et al. / Analytica Chimica Acta 913 (2016) 145e159 157their retention on the HILIC 1D was low. Fig. 4B shows the chemical
structure of these components as well as their corresponding MS/
MS spectrum. As can be observed, their fragmentation produced
ions atm/z 549, 531, 417, 255; these fragments could correspond to
the loss of 176 Da ([MH e C10H8O3]), 194 Da ([M-H- C10H8O3 e
H2O]), 308 Da ([M-H- C10H8O3 e Api]) and 470 Da
([MHeC10O3H8 e Api e Glu]), respectively.
The same behavior was observed for licorice glycoside B or D1/
D2 (peak 14) formed by a liquiritigenin moiety linked to a hexose, a
pentose and a p-coumaroyl group. This compound presented a
[MH] atm/z 695.3 and a fragmentation pattern characterized by
ions at m/z 549 (loss of p-coumaroyl group), 531 (loss of p-cou-
maroyl group and a water molecule), 417 (loss of p-coumaryl and
pentosemolecules) and 255 (removal of the three linked groups: p-
coumaroyl, pentose and hexose). Fig. 4C illustrates these data. On
the other hand, liquiritin apioside and isoliquiritin apioside (peaks16 and 18), with [MH] at m/z 549.6, have a chemical structure
composed by a liquiritigenin and a hexose and a pentose units. As it
is shown in Fig. 4D, their MS/MS pattern was characterized by the
occurrence of an ion at m/z 417 attributed to the loss of apioside
(neutral loss of 132 Da), m/z 297 to the combination of the loss of
the apioside unit and the cleavage of the hexose (132 Da
and 120 Da, respectively) and m/z 255 due to the loss of the two
glycosidic units [49].
Other compounds belonging to these groups were also tenta-
tively identiﬁed or putatively assigned to this group thanks to their
MS characteristics, as can be observed in Tables 1 and 2, as well as to
their typical UV maxima (270 nm for chalcones and 360 nm for
ﬂavanones).
3.2.3. Triterpene saponins
Triterpene saponins are regarded as the main bioactive
L. Montero et al. / Analytica Chimica Acta 913 (2016) 145e159158metabolites present in licorice, eluting together in the last part of
the two-dimensional analyses. The triterpene saponins of licorice
belong to oleanane-type triterpene saponins and their chemical
structure consist on a 30-carbon aglycone (sapogenin) with multi-
sugar attached units. Under MS/MS experiments carried out in
negative ionization mode, oleanane-type triterpene saponins
mainly give rise to a [M aglyconeeH] fragment ion. Glycyrrhizic
acid (peak 54) presented a [MH] at m/z 821.5 and its fragmen-
tation pattern showed ions at m/z 803 ([MH2OeH]), 645 ([M
Glucuronic acid-H]), 351 ([2 Glucuronic acideH]). As mentioned
in the introduction section, many compounds and their isomers
and compounds with the same molecular weight coexist in the
licorice extract, hence, several separated peaks presented [MH]
at m/z 821. Glycyrrhizic acid is the main licorice metabolite and
thus, peak 54 was assigned to this component as it was the most
intense peak in all studied samples. Besides this component,18-a-
glycyrrhizic acid, macedonoside C, yunganoside L2, uralsaponin A,
licorice saponin H2 and licorice saponin K2 presented the same
molecular ion and fragmentation pattern, and thus, the peaks that
presented this pattern (peaks 40, 55, 58, 59, 65 and 72) could not be
unequivocally assigned.
Other important saponins were identiﬁed in the samples ac-
cording to their [MH] values and MS/MS spectra. Table 1 sum-
marizes this information. Among them, 22-acetoxyl-glycyrrhizin
(peak 53), licorice saponin A3 (peak 66) and licorice saponin G2
(peak 71) were found in all the studied samples. Additionally, other
compounds that could not be identiﬁedwere putatively assigned as
triterpene saponins based on the typical MS/MS behavior.3.3. Geographical differentiation of licorice by HILIC  RP-DAD-MS/
MS
The huge potential that comprehensive two-dimensional LC
may provide for the separation of very complex samples, like those
studied in the present work, is complemented by the possibility of
attaining 2D-plots that may be employed to discriminate among
samples. In an effort to avoid frauds when dealing with protected
designation of origin foods, metabolite proﬁling can be used to
effectively differentiate samples with different geographical origin.
In this work, a ﬁrst approach to this strategy is employed using the
optimized HILIC RP-DAD-MS/MSmethod in order to demonstrate
the potential of this technique to point out possible markers of
geographical origin in different licorice samples. Besides the qual-
itative information collected described in Section 3.2, the genera-
tion of 2D-plots may be used to produce characteristic patterns of
each type of sample. Fig. 5 shows reconstructed 2D-plots corre-
sponding to the individual markers found in each sample. Thus,
only those compounds that were found in just one sample are
included. As can be observed in that Figure, each particular pattern
was formed by a variety of peaks at different points along the
complete 2D-plot. The use of those points could effectively offer an
advantage for the identiﬁcation of unknown or suspected samples.
Consequently, these patterns might be used to visually assign a
sample to a particular location, although the analysis of a signiﬁ-
cantly higher number of samples is required to statistically validate
the found candidate markers. Chinese licorice was the one that
presented a higher amount of typical compounds (50), whereas the
Calabrian samples (C and E) presented just 19 and 22 exclusive
peaks, respectively, being clearly more similar.
Once this method has been optimized and its usefulness to
analyze licorice samples demonstrated, its extension to a higher
number of samples of each location to statistically conﬁrm the
validity of the found markers to discriminate according their
location will be assessed in a forthcoming paper.4. Conclusions
The development of a new LC  LC-DAD-MS/MS method to
obtain a complete phenolic compounds and saponins proﬁle of
licorice samples has been carried out in this work. The optimized
methodwas able to separate a large number of compounds (up to 89
in the Iranian sample), which were grouped in the obtained 2D-
plots according to their chemical class. Triterpene saponinswere the
most abundant metabolites followed by glycosylated ﬂavanones
and chalcones. Glyzyrrhizic acid was conﬁrmed as the main
component in all the studied samples. Moreover, the developed
method not only permitted the assignment of compounds to a
particular chemical family according to their position in the 2D-plot,
but it was also employed to produce a typical pattern of each sample
that could be later on be used to differentiate among geographical
locations, once statistically validated. A good number of unique
components (from 19 to 50)were found in all the samples. Thus, the
usefulness of this method to generate patterns that could be
potentially employed to conﬁrm the authenticity and geographical
origin of unknown or suspected licorice samples is demonstrated.
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consideration elsewhere.  
 
Sincerely, 
 
Miguel Herrero 
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ABSTRACT. 21 
Comprehensive two-dimensional liquid chromatography (LC × LC) is ever gaining 22 
interest in food analysis, as often, food-related samples are too complex to be analyzed 23 
through one-dimensional approaches. The use of hydrophilic interaction 24 
chromatography (HILIC) combined with reversed phase (RP) separations has already 25 
been demonstrated as a very orthogonal combination, which allows attaining increased 26 
resolving power. However, this coupling encompasses different analytical challenges, 27 
mainly related to the important solvent strength mismatch between the two dimensions, 28 
besides those common to every LC × LC method. In the present contribution, different 29 
strategies are proposed and compared to further increase HILIC × RP method 30 
performance for the analysis of complex food samples, using licorice as a model 31 
sample. The influence of different parameters in non-focusing modulation methods 32 
based on sampling loops, as well as under focusing modulation, through the use of 33 
trapping columns in the interface and through active modulation procedures are studied 34 
in order to produce resolving power and sensitivity gains. Although the use of a dilution 35 
strategy using sampling loops as well as the highest possible first dimension sampling 36 
rate allowed significant improvements on resolution, focusing modulation produced 37 
significant gains also in peak capacity and sensitivity. Overall, the obtained results 38 
demonstrate the great applicability and potential that active modulation may have for 39 
the analysis of complex food samples, such as licorice, by HILIC × RP. 40 
 41 
Keywords: Metabolite profiling, two-dimensional LC, licorice, active modulation, 42 
trapping columns, resolution. 43 
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1. INTRODUCTION 45 
The use of multidimensional liquid chromatography (MDLC) within the food analysis 46 
field is gaining interest, as foods and food-related products are normally considered as 47 
very complex matrices [1]. That means that under food analysis is frequent to find a 48 
sample that is simply too complex to be analyzed by conventional one-dimensional 49 
chromatography. In other cases, food-related samples may not be so complex in terms 50 
of number of compounds present, but these could be composed by mixtures of closely 51 
related components that are also difficult to resolve. Although there are several 52 
approaches to MDLC of food, the use of comprehensive two-dimensional liquid 53 
chromatography (LC × LC) coupled on-line, presents different advantages over off-line 54 
modes as well as over other couplings, such as heart-cutting two-dimensional LC. Most-55 
notably, faster separations may be obtained with high resolving power in a fully-56 
automated way, thus, increasing robustness and reproducibility [2,3]. However, the 57 
optimization of a LC × LC method is far from being easy, as there are different inter-58 
related parameters which modification may directly influence others [4]. These 59 
optimization challenges are even more pronounced when orthogonal separation 60 
mechanisms are coupled, which in practice, is the most-interesting approach. By 61 
selecting two independent non-correlated separation modes in both dimensions, 62 
significant gains on resolving power and peak capacity are potentially attainable. 63 
However, using two very different separation mechanisms in both dimensions means 64 
that important solvent incompatibility and/or immiscibility problems may be found. The 65 
combination between hydrophilic interaction chromatography (HILIC) in the first 66 
dimension (
1
D) and reversed phase (RP) in the second dimension (
2
D) has been shown 67 
to be characterized by a high degree of orthogonality for the analysis of complex food 68 
samples [5], providing with complementary retention. Although in these two separation 69 
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modes the same types of mobile phases are employed, their coupling can be termed as 70 
fairly incompatible, considering that the relative solvent strength is the opposite in each 71 
mode, thus, producing serious solvent mismatch.  72 
In a LC × LC system, both dimensions are physically connected through the modulator. 73 
The most-widely employed modulator so far is based on the use of one or more 74 
switching valves equipped with two identical volume sampling loops [6]. This 75 
configuration allows the effective collection and injection of discrete 
1
D effluent 76 
fractions into the 
2
D continuously, by alternating the position and function of the two 77 
sampling loops. To translate this into practice, different analytical conditions should be 78 
established, mainly: i) a 
1
D slow separation based on the use of very low flow rates, in 79 
order to minimize, as much as possible, the effluent fraction volume collected, and; ii) a 80 
fast 
2
D using very high flow rates, in order to achieve fast separations in the shortest 81 
possible analysis time to allow a high 
1
D sampling rate. As a consequence, set-ups 82 
involving the use of microbore columns in the 
1
D combined with short wider columns 83 
(e.g., 4.6 mm i.d.) in the 
2
D have provided good results [5]. This type of coupling 84 
implies the additional advantage of injecting relatively small volumes of 
1
D effluent on 85 
the 
2
D, thus, reducing possible band broadening. However, the main limitation directly 86 
related to the application of this approach is the characteristic low sensitivity obtained in 87 
LC × LC compared to regular one-dimensional methods, while potential deleterious 88 
issues due to solvent mismatch are maintained.  89 
To partially alleviate these problems, different modulators have been designed; among 90 
them, thermal modulators are included. Within this group, several improvements have 91 
been presented, such as a vacuum-assisted evaporation interface aimed to remove the 92 
solvent from the 
1
D effluent prior transfer to the 
2
D [7], or the development of an on-93 
column thermal modulation device [8]. This latter device was shown to be able to apply 94 
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heating and cooling cycles to capture and elute analytes to the 
2
D producing narrower 95 
bands. However, due to their sophisticated and complicated design, these thermal 96 
modulators have not been to date extended to other applications. In parallel, new 97 
approaches have been explored taking advantage of the higher robustness and simplicity 98 
of valve-based modulation. One of the possibilities to enhance the performance is to 99 
substitute the regular sampling loops by trapping columns [9-11]. By using this 100 
approach, analytes are adsorbed by the stationary phase of the trap, typically with 101 
similar selectivity to that found in the 
2
D, during the collection position, and are then 102 
eluted by the 
2
D mobile phase in the injection position. Although, theoretically, the 103 
injection in 
2
D mobile phase could also help to produce narrow bands and even focusing 104 
at the top of the 
2
D column, there still may exist solvent incompatibility issues that may 105 
imply that not all the analytes contained in the 
1
D effluent are efficiently retained in the 106 
trap. To overcome this issue, recently, a modulation procedure termed Active 107 
Modulation has been reported [12]; this approach is based on the introduction of a 108 
make-up flow of a weaker solvent after 
1
D separation and before entrance to the 109 
trapping column. This way, a reduction in the solvent strength is fostered, increasing the 110 
retention of the trap towards the compounds separated in the 
1
D. Subsequently, when 111 
the valve is actuated, those retained analytes can be eluted from the trap in narrow bands 112 
thanks to the 
2
D mobile phase. From this basic procedure, other modifications can be 113 
performed in order not only to improve the transfer of 
1
D effluent to the 
2
D, but also to 114 
increase sensitivity and decrease analysis time. Although this active modulation 115 
approach retains a high potential for the analysis of complex samples, its applicability to 116 
food samples is still not demonstrated.  117 
For this reason, the goal of the present work is to explore new possibilities to improve 118 
the separation of complex food samples, looking for quantitative improvements on 119 
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resolving power, avoiding 
2
D band broadening, as well as on sensitivity, using licorice 120 
as model matrix. To this aim, different modifications at the modulator level are tested 121 
and compared, studying their applicability on a HILIC × RP coupling. The influence of 122 
the separation and modulation parameters applied on the separation and detection of the 123 
secondary metabolite profile of licorice, previously developed in our lab [13], including 124 
glycosylated flavanones and chalcones and other polyphenols as well as triterpene 125 
saponins, is evaluated.  126 
 127 
2. MATERIALS AND METHODS. 128 
2.1. Samples and chemicals. 129 
Licorice samples (Glycyrrhiza glabra) from the region of Calabria, Italy, were collected 130 
in July 2015 and supplied from a local producer. For the extraction of secondary 131 
metabolites from this sample, a simple procedure based on solid-liquid extraction 132 
assisted by ultrasounds extraction was followed, as described before [14]. The 133 
extraction solvent was a binary mixture ethanol/water (1:1, v/v) using a sample-to-134 
solvent ratio 1:5 (w/v) during 60 min. The resulting extract was filtered and evaporated 135 
to dryness. Prior injection, the extract was redissolved in water/acetonitrile (3:7, v/v). 136 
HPLC grade ethanol and acetonitrile were purchased from VWR Chemicals (Barcelona, 137 
Spain) whereas ultrapure water was produced from a Milli-Q instrument (Millipore, 138 
Billerica, MA). Acetic and formic acids were supplied from Sigma-Aldrich (Madrid, 139 
Spain), while ammonium acetate was from Panreac (Barcelona, Spain).  140 
 141 
2.2. Instrumentation. 142 
The LC × LC-DAD instrumentation consisted on a first dimension (
1
D) composed by an 143 
Agilent 1200 series liquid chromatograph (Agilent Technologies, Santa Clara, CA) 144 
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equipped with an autosampler. A Protecol flow-splitter (SGE Analytical Science, 145 
Milton Keynes, UK) was installed between the 
1
D pumps and the autosampler in order 146 
to minimize the gradient delay volume of the pump and to obtain more reproducible low 147 
flow rates. The second dimension (
2
D) was composed by an additional LC pump 148 
(Agilent 1290 Infinity). Both dimensions were connected by an electronically-149 
controlled two-position ten-port switching valve (Rheodyne, Rohnert Park, CA, USA) 150 
acting as modulator equipped with two identical sampling loops or trap columns, as 151 
indicated. A diode array detector was coupled after the second dimension in order to 152 
register every 
2
D analysis, working at a sampling rate of 20 Hz. The system was 153 
simultaneously controlled by two different PC running appropriate ChemStation 154 
software; one controlled the 
1
D, the autosampler and DAD, whereas the other controlled 155 
the 
2
D and actuated the switching valve. For the separations involving the use of a 156 
make-up flow, a third LC pump (Agilent 1200 Series) was connected through a t-piece 157 
between the outlet of 
1
D and the switching valve. The used additional make-up flow 158 
was delivered at five-, seven- and nine-times the 
1
D flow rate, as indicated.  159 
The LC linear chromatograms were elaborated and visualized as 2D- and 3D-plots using 160 
LC Image software (version 1.0, Zoex Corp., Houston, TX). 161 
 162 
2.3. HILIC × RP separation conditions. 163 
Different conditions and column combinations were employed during this research, as 164 
described in Section 3. The common analytical conditions for each column used in the 165 
1
D were the following:  166 
i) SeQuant ZIC-HILIC (150 × 1 mm, 3.5 µm, Merck, Darmstadt, Germany) column, 167 
eluted using (A) acetonitrile and (B) 10 mM ammonium acetate at pH 5.0 as mobile 168 
phases, according to the following gradient: 0 min, 3% B; 5 min, 3% B; 10 min, 5% B; 169 
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15 min, 10% B; 30 min, 20% B; 40 min, 20% B; 50 min, 30% B; 60 min, 30% B; 65 170 
min, 40% B; 80 min, 40% B. The injection volume was 5 µL and the flow rate was set 171 
at 15 µL min
-1
. 172 
ii) ZIC-HILIC (250 × 2.1 mm, 3.5 µm, Merck, Darmstadt, Germany) column, eluted 173 
using (A) acetonitrile and (B) 10 mM ammonium acetate at pH 5.0 as mobile phases, 174 
according to the following gradient: 0 min, 3% B; 10 min, 3% B; 30 min, 10% B; 50 175 
min, 15% B; 60 min, 20% B; 90 min, 40% B. The injection volume was 15 µL and the 176 
flow rate was set at 100 µL min
-1
. 177 
 178 
On the other hand, the common analytical conditions for each column used in the 
2
D 179 
were the following: 180 
i)  Ascentis Express C18 (50 × 4.6 mm, 2.7 µm, Supelco, Bellefonte, CA) partially 181 
porous column using (A) water (0.1% formic acid) and (B) acetonitrile as mobile 182 
phases, eluted at 3 mL min
-1
 using two segment gradients: from 0 min to 23.4 min the 183 
2
D gradient elution was 0 min, 0% B, 0.1 min, 5% B; 0.5 min, 35% B; 0.9 min, 70% B; 184 
1 min, 90% B; 1.01 min, 0% B; 1.3 min, 0% B; from 23.4 to 80 min the employed 185 
gradient was programmed as 0 min, 0% B; 0.1 min, 5% B; 0.3 min, 35% B; 0.5 min, 186 
40% B; 0.9 min, 50% B; 1 min, 90% B; 1.01 min, 0% B; 1.3 min, 0% B. 187 
ii) Ascentis Express C18 (30 × 4.6 mm, 2.7 µm, Supelco, Bellefonte, CA) partially 188 
porous column using (A) water (0.1% formic acid) and (B) acetonitrile as mobile 189 
phases, eluted at 2 mL min
-1
. Different gradients were applied depending on the 190 
modulation time applied. The different step gradients are detailed in Table S1.  191 
 192 
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When indicated, sets of trapping columns formed by two identical cartridges were 193 
employed including C18 and phenyl-hexyl (10 × 3 mm, 2.6 µm, Accucore, Thermo 194 
Scientific, Waltham,MA) stationary phases. 195 
UV-Vis spectra were collected in the range of 190-550 nm using a sampling rate of 20 196 
Hz, while 254, 280 and 330 nm signals were also independently recorded.  197 
 198 
2.4. Calculations.  199 
2.4.1 Peak capacity. 200 
Individual peak capacity for each dimension (nc) was calculated according to eq. 1: 201 
        
  
 
  (1) 202 
where tG is the gradient time and   is the average peak width. For 
1
D peak capacity 203 
calculations, the average peak width was obtained from ca. 10 representative peaks 204 
selected along the analysis. Likewise, for 
2
D peak capacity, as much as possible peaks 205 
were considered (ca. 20 peaks, depending on the analysis). Additionally, 
1
nc was also 206 
calculated considering the peak broadening factor <β>, giving rise to a corrected 1D 207 
peak capacity (eq. 2), that considers the influence of the deleterious effect of 208 
undersampling. To estimate <β>, the sampling time (ts) as well as the average width of 209 
1
D peaks as standard deviation in time units (
1σ) before modulation were considered: 210 
              
   
        
  
  
 
 
    (2) 211 
For each two-dimensional set-up, different peak capacity values were estimated. First of 212 
all, theoretical peak capacity was obtained following the so-called product rule, using 213 
eq. 3, considering the individual peak capacities obtained in each dimension: 214 
                 
 
   
 
  
     (3) 215 
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As eq. 3 does not take into consideration the deleterious effects due to the modulation 216 
process as well as possible undersampling, a more realistic peak capacity value was 217 
obtained from the equation proposed by Li et al. [15] denominated here as practical 218 
peak capacity (eq. 4): 219 
               
     
  
         
    
  
  
  
 
   (4) 220 
being 
2
tc, the 
2
D separation cycle time, which is equal to the modulation time. This latter 221 
equation also includes the <β> parameter accounting for undersampling. Moreover, to 222 
more precisely compare among set-ups and in order to evaluate possible peak clusters 223 
along the 2D analysis and, thus, to estimate 2D space coverage, the orthogonality 224 
degree (AO) was considered to offer the denominated 2D corrected (also known as 225 
effective) peak capacity, as follows: 226 
                
  
                 (5) 227 
 228 
2.4.2 Orthogonality. 229 
Among the different approaches that have been described and published to quantify the 230 
orthogonality degree of a two-dimensional set-up [16], the method proposed by 231 
Camenzuli and Schoenmakers [17] was employed in the present work to calculate 232 
system orthogonality (AO). This procedure takes into account the spread of each peak 233 
along the four imaginary lines that cross the 2D space forming an asterisk, that is Z1, Z2 234 
(vertical and horizontal lines) and Z-, Z+ (diagonal lines of the asterisk). Z parameters 235 
describe the use of the separation space with respect to the corresponding Z line, 236 
allowing to semi-quantitatively diagnose areas of the separation space where sample 237 
components are clustered, thus, reducing in practice orthogonality. For the 238 
determination of each Z parameter, the SZx value was calculated, as the measure of 239 
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spreading around the Zx line, using the retention times of all the separated peaks in each 240 
2D analysis. 241 
 242 
2.4.3. Two-dimensional resolution. 243 
The resolution metric for two-dimensional separations proposed by Peters et al. [18] 244 
was employed to calculate a representative resolution value and the separation quality of 245 
each set-up. This measure is based on the valley-to-peak ratio between two neighbor 246 
peaks. To establish the valley-to-peak ratio between two peaks (peak 1 and peak 2), 247 
three maximum intensities are considered: the maximum of the peak 1 (max1), the 248 
saddle point between both peaks (S) and the maximum of peak 2 (max2), as well as the 249 
distances between max1 and S, d1,S, and the distance between S and max2, dS,2.  250 
d1,S =           
 
          
 
   (6) 251 
d1,S =           
 
          
 
   (7) 252 
where Δ1tR1,S and Δ
2
tR1,S are the differences on time between max1 and S in the 
1
D and 253 
2
D and Δ1tRS,2 and Δ
2
tRS,2 the difference between S and max2 in both dimensions. 254 
Then, the intensity g is defined in accordance with the graphic showed in Figure S1. 255 
Intensity g is calculated by: 256 
g = 
                   
         
   (8) 257 
where hmax1 and hmax2 are the maximum intensities of peak 1 and peak 2, respectively. 258 
The valley-to-peak ratio (V) is calculated as: 259 
V = 
 
 
 = 
      
 
     (9) 260 
Finally, resolution (Rs) is estimated by the following equation: 261 
Rs =  
 
 
   
   
 
      (10) 262 
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In this work, the resolution measurement of two target critical pairs of peaks was 263 
calculated in each instrumental configuration, and results obtained compared among 264 
them. 265 
 266 
3. RESULTS AND DISCUSSION 267 
In our previous work, the first LC × LC application devoted to the profiling of 268 
secondary metabolites in licorice was developed [13]. Although the method was 269 
characterized by excellent separation capabilities, being possible to detect around 80 270 
compounds from different metabolite families in just one sample, further optimization is 271 
desirable to increase sensitivity and to further improve performance. This is mainly 272 
interesting due to the fact that this sample is a very diverse and complex mixture of 273 
some closely related components, such as glycosylated flavanones and chalcones among 274 
other polyphenols as well as triterpene saponins. In the present work, we have applied 275 
several strategies, using licorice as a model complex real food sample in order to 276 
quantitatively evaluate the attainable performance by introducing new changes in the 277 
interface. 278 
 279 
3.1. Non-focusing modulation. 280 
3.1.1. Influence of transfer volume/fraction solvent. 281 
The most-extended approach to interface both dimensions in LC × LC is the use of two 282 
identical sampling loops installed on the switching valve(s) acting as modulator. In our 283 
original method, two 30 µL sampling loops were employed with satisfactory results. 284 
However, modifications at the interface and columns combination levels could further 285 
improve two of the most important points in a comprehensive LC separation: 
1
D 286 
undersampling and 
2
D band broadening. These two parameters have a clear deleterious 287 
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effect both on the resolving power as well as on the attainable peak capacity, and thus, 288 
should be minimized. The coupling between HILIC and RP is characterized by a very 289 
good degree of orthogonality, thus, being very attractive for the analysis of complex 290 
samples. Nevertheless, it generates a solvent mismatch during the transfer of 
1
D 291 
effluent, considering that the weaker solvent in the 
1
D is the stronger one on the 
2
D 292 
environment. According to the intensity of this issue, the resulting 
2
D separations may 293 
be completely ruined, or just worsened to a certain degree depending on the extent of 294 
the associated band broadening effect.  For this reason, one of the possible strategies to 295 
avoid or reduce the mentioned solvent strength mismatch is to dilute the 
1
D effluent 296 
before its transfer to the 
2
D. When using a non-focusing modulation procedure based on 297 
sampling loops, this effect may be obtained through the use of loops with an internal 298 
volume higher than the strictly required to collect the 
1
D effluent during the length of a 299 
modulation. That way, 
1
D effluent supposes only part of the available loop volume 300 
whereas the rest is filled with 
2
D starting mobile phase. However, it has to be also 301 
considered that, since short columns are employed in the 
2
D to obtain fast separations, 302 
the increase on the sampling loop volume, which is also the injection volume for each 303 
individual 
2
D separation, may negatively influence the separation [19].  304 
Accordingly, the first step was to study the effects of sampling volume and fraction 305 
solvent on the 
2
D, comparing the separation attainable using sampling loops with 306 
different internal volume, i.e., 20, 30 and 50 µL. To do that, experimental conditions 307 
based on the use of the ZIC-HILIC microbore column in the 
1
D and the use of a 50 × 308 
4.6 mm, 2.7 µm C18 partially porous column in the 
2
D, using 78 s as modulation and 
2
D 309 
analysis time, were applied (see Section 2.3). As can be observed in Table 1 and Figure 310 
S2A-C, the results in terms of overall separation, resolution and orthogonality were 311 
fairly similar. Interestingly, a slight but noticeable increase on theoretical peak capacity 312 
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was obtained when the sampling loops volume was bigger. This behavior would 313 
correspond to a decrease on average 
2
D peak widths as a response to higher dilution of 314 
the 
1
D effluent and, thus, to inject each fraction on the 
2
D in weaker solvent, thus, 315 
improving peak shape with respect to less diluted injected fractions. As can be also 316 
observed in Table 1, 50 µL fractions injected in the 
2
D meant an injection volume of 317 
10% of column void volume, considering that partially porous particles may occupy 318 
around 40% of the total available column inner volume [20,21]. Thus, the reduction on 319 
the fraction solvent strength obtained when using 50 µL sampling loops (a 2.6-fold 320 
dilution) was able to make up for the possible deleterious effect due to increased 321 
injection volume. In fact, the use of 10% column void volume was significantly higher 322 
than the 3% previously reported in order to not get peak distortion [19]. In spite of the 323 
increment obtained in theoretical peak capacity, no practical gains on separation were 324 
observed (Figure S2A-C).  325 
 326 
3.1.2. Influence of sampling frequency. 327 
Possible enhancements on resolving power could be obtained minimizing the effect of 328 
1
D undersampling. One of the concepts that characterize the performance of an on-line 329 
LC × LC method is the importance of maintaining the separation obtained in the 
1
D 330 
during the transfer of 
1
D effluent to the 
2
D. If the sampling process is too slow to collect 331 
fractions where two well separated 
1
D peaks are involved, undersampling arises; in that 332 
case, a remix of these previously separated peaks occurs in the transfer process, 333 
producing a loss of the 
1
D separation and peak capacity. To reduce this negative effect, 334 
higher sampling frequencies should be applied, in order to obtain more 
1
D fractions 335 
analyzed in the 
2
D. Murphy et al. [22] established the widely-accepted rule of sampling 336 
3-4 times each 
1
D peak to solve the remix problem and to maintain the 
1
D separation. 337 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
15 
 
However, in this case, due to instrumental limitations, it was not possible to reduce the 338 
analysis time used with the 50 mm C18 partially porous column employed. Changes in 339 
the 
2
D gradient did not produce any noticeable improvement either. For this reason, an 340 
even shorter column was tested. A 30 × 4.6 mm C18 partially porous column (2.7 µm) 341 
was coupled to the formerly optimized 
1
D. By using this shorter column, a proper 342 
separation was obtained allowing a decrease on total 
2
D analysis time (gradient time + 343 
re-equilibration time) to just 60 s. Under these analytical conditions, the use of the three 344 
different transfer volumes was studied (Figure S2D-F). As can be observed from the 345 
data summarized in Table 1, theoretical peak capacities obtained using the 30 mm 346 
column were lower than those attainable using the 50 mm, as a result of the great 347 
dependence of 
2
nc on the available gradient time. However, as a result of the faster 
1
D 348 
sampling rate applied when the shorter column was used, both orthogonality and 349 
resolution of pair 1 were improved, independently of the transfer volume employed (see 350 
Table 1). This improvement was more pronounced when using 50 µL sampling loops, 351 
as deduced from the data shown on Table 1 and illustrated in Figure 1A-B and Figure 352 
S2. In this latter set-up, the 
2
D injection volume was equal to 17% of column void 353 
volume. Although this relative injection volume is rather high, no appreciable distorted 354 
peaks were detected compared to 20 and 30 µL transfer volumes; indeed, the dilution 355 
effect achieved using 50 µL, again allowed better retention of compounds due to the 356 
greater dilution in 
2
D compatible mobile phase could produce a better interaction of the 357 
analytes with the stationary phase (see Figure S2D-F and Figure S3).  358 
Although these conditions clearly improved the results attainable using the longer 359 
column, the use of higher separation temperature was also explored to investigate if 360 
proper 
2
D separations could be obtained in even shorter analysis times, thus, further 361 
increasing 
1
D sampling rate. To do that, the 
2
D column was thermostated at 40 ºC and 362 
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several changes were applied to the gradient profile to adapt the separation to a total 39 363 
and 50 s analysis times (Table S1). In order to establish a wider evaluation, the results 364 
obtained using the different mentioned modulation times (39, 50 and 60 s) were also 365 
compared with the longer 78 s 
2
D modulation time previously employed with the 50 366 
mm column. In this regard, considering that faster 
1
D sampling rates imply that less 
1
D 367 
effluent volume is transferred to the 
2
D, the use of sampling loops volume of 50 µL was 368 
considered too high; for this reason, to perform these series of experiments, 20 µL 369 
sampling loops were installed in the switching valve, allowing more discrete transfers 370 
equivalent to 7% of total 
2
D column void volume. Results are summarized in Table S2 371 
and Figure 2. As can be observed, as the modulation time was reduced, 
2
nc values also 372 
decreased, as a result of the great influence that this value retains from the available 
2
D 373 
tG. In consequence, the practical 2D peak capacity also tended to decrease. However, 374 
the observed decrease is not more pronounced thanks to the better peak shapes obtained 375 
as consequence of higher dilution effect when using 39 s as modulation time; at those 376 
conditions, just 9.5 µL of 
1
D effluent were transferred in each modulation, whereas the 377 
rest of the sampling volume was filled with 
2
D mobile phase, thus, helping to reduce the 378 
solvent strength mismatch. Moreover, the effect of higher sampling rate is also 379 
illustrated on the attainable resolution between the two pairs of compounds studied. As 380 
illustrated in Figure 2, resolution between pair 1 improved when reducing the 381 
modulation time. In addition, compounds in pair 2 remained coletuted using modulation 382 
times of 78 and 60 s, but they could be separated using shorter modulation times. 383 
 384 
3.2. Focusing modulation using trapping columns. 385 
One of the possible implementations to reduce 
2
D band broadening and to increase 386 
sensitivity limiting dilution is the use of trapping columns in the valve-based modulator. 387 
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Reduction on band broadening is accomplished by introducing a focusing effect, 388 
considering that the analytes eluting from the 
1
D would be entrapped in the trapping 389 
column during the collection position. Once the valve is actuated, 
2
D mobile phase 390 
would desorb the analytes in discrete bands, injecting them into the 
2
D column. Even if 391 
this approach has a good potential, its use is very limited compared to regular loops-392 
based modulation. In the food analysis field, only C18 trapping columns have been 393 
reported [11,23], in order to exactly match the selectivity of the 
2
D column. In the 394 
present work, the use of trapping columns-based modulation to increase resolving 395 
power and sensitivity is extended to other stationary phases. Namely, the use of C18 and 396 
phenyl-hexyl trapping columns have been explored. The traps (10 × 3.0 mm, 2.6 µm) 397 
were installed in the modulator using the minimum possible extra volume for 398 
connections. The trapping columns void volume was 42 µL. Moreover, two elution 399 
configurations were compared, namely, forward and backflush elution. The use of the 400 
shortest available 
2
D column was maintained, setting a modulation time of 60 s.  Table 401 
2 reports the most important method parameters related to these analyses. As can be 402 
observed, very similar results could be obtained using the two stationary phases 403 
available as well as both elution modes in terms of peak capacity and orthogonality 404 
attainable. Interestingly, using both elution modes resolution of critical pair 1 was 405 
maintained with respect to the best value attainable using non-focusing modulation, 406 
whereas, pair 2, that coeluted using the same separation conditions (60 s modulation 407 
time) with sampling loops, was also resolved. In any case, forward elution produced 408 
better resolution results for both tested stationary phases. Moreover, as can be 409 
appreciated from Figure S4, in general, 
2
D peak shapes were improved also under 410 
forward elution compared to backflush elution. This effect would be obtained as a result 411 
of the longer available interaction allowed under forward elution, bearing in mind that 412 
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the trapping column was not fully filled with 
1
D effluent during the collection position 413 
(see Figure 3A,B). In addition, although reduced to a minimum, a 2 µL tube was 414 
necessary to connect the trapping columns to the valve; consequently, there was a small 415 
fraction of 
1
D effluent that did not enter the trapping column when backflush elution 416 
was employed (Figure 3B). 417 
 418 
3.3. Focusing using active modulation. 419 
The use of active modulation is a further evolution of the direct use of trapping 420 
columns. This modulation procedure, recently proposed [12], is based on the use of an 421 
additional make-up flow of a weak solvent for the 
2
D in order to reduce the strength of 422 
the 
1
D effluent prior entering the trapping column. This way, the interaction between the 423 
analytes and the functional groups in the trap is fostered, as illustrated in Figure 3C. 424 
Therefore, considering the high potential and relative simplicity that this 425 
implementation may have, it is worth to study its application to complex food samples. 426 
Considering the 
1
D and 
2
D mobile phases compositions, it was decided to use ultrapure 427 
water (0.1% formic acid) as make-up flow. It has been previously observed that a flow 428 
rate for the additional make-up flow 7-times higher than the 
1
D flow rate was 429 
appropriate to achieve the desired effect [12]. However, to further study the possible 430 
influence of make-up flow rate on the overall separation performance, three different 431 
flow rates for each set of trapping columns (C18 and phenyl-hexyl) were tested, i.e., 5-, 432 
7- and 9-times the 
1
D flow rate. Table 3 summarizes the data describing the 433 
performance attained using active modulation for the profiling of secondary metabolites 434 
in licorice. As can be appreciated, as for trapping columns, the performance attainable 435 
using both stationary phases was very similar. In both cases, the use of higher make-up 436 
flow rates allowed a slight improvement on peak capacity, whereas orthogonality values 437 
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were essentially maintained. More relevant was the improvement observed for the 438 
resolution between the two studied pairs; in this regard, the use of make-up flow rates 9-439 
times higher than the 
1
D flow rate produced the best results (Figure 4).  440 
 441 
3.4. Overall comparison. 442 
As already described in the previous sections, different approaches have been 443 
considered to further improve the separation capabilities of the initial HILIC × RP 444 
method directed towards the profiling of secondary metabolites in licorice. In general, 445 
the use of focusing modulation, either using trapping columns or active modulation, 446 
allowed a clear improvement on the separation of the complex metabolite profile of this 447 
sample (Figure 1). In fact, these two approaches allowed obtaining good degrees of 448 
resolution between the studied pairs (Figures 4 and S4). In general, better separations 449 
were obtained using trapping columns in forward elution mode and using active 450 
modulation with make-up flow rates 9-times the 
1
D flow rate. Although in both cases, 451 
the two stationary phases studied produced comparable performance, the phenyl-hexyl 452 
particles were slightly better than C18 particles. Under these conditions, similar 453 
orthogonality values as well as resolution between the critical pairs were obtained 454 
(Tables 2 and 3). However, practical peak capacities were significantly higher using 455 
active modulation (2131 vs 1811), and thus, this procedure resulted more favorable. The 456 
use of non-focusing modulation by sampling loops could only provide comparable 457 
performance in some aspects when modulation time was significantly reduced, thus, 458 
increasing 
1
D sampling rate. However, due to very fast 
2
D separations, the total 2D peak 459 
capacity attainable was severely compromised with respect to active modulation.  460 
With the aim to further obtain more data illustrating the performance of each procedure, 461 
the attainable sensitivity under each separation conditions was studied by analyzing 462 
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peak S (Figure 5). Values of normalized sensitivity for each set-up are included in 463 
Tables 1-3. This value was obtained by considering the sensitivity for peak S in the 464 
original method with respect to the sensitivity obtained in each case. As can be observed 465 
from those results, the set-up involving the use of active modulation using phenyl-hexyl 466 
traps and make-up flow at 9-time 
1
D flow rate produced the highest sensitivity 467 
enhancement. Consequently, active modulation was shown again as the best possible 468 
alternative set-up for the profiling of secondary metabolites in licorice by HILIC × RP 469 
in order to further enhance both resolving power and sensitivity.  470 
In this regard, theoretically, further sensitivity gains could be obtained if a column with 471 
higher sample loadability is used in 
1
D. For this reason, a last attempt was made using 472 
the optimum separation conditions but increasing the 
1
D column internal diameter to 2.1 473 
mm. That column allowed an increase on the injection volume to 15 µL, although 474 
higher 
1
D flow rates were also needed to maintain the 
1
D separation. This would have a 475 
deleterious effect on the fraction volume transferred to 
2
D, but considering that active 476 
modulation was employed with trapping columns, the fraction volume should not have 477 
such a critical influence on the coupling. As shown in Table S3, the normalized 478 
sensitivity obtained was further increased with respect to the use of the microbore 
1
D 479 
column (Figure 5F); however, the separation obtained was severely hampered, and the 480 
resolution between the critical pairs studied was completely lost (Table S3). Thus, this 481 
modification was not considered favorable, bearing in mind that compromises should be 482 
always taken between sensitivity, resolving power and overall peak capacity obtainable.  483 
 484 
 485 
4. CONCLUSIONS. 486 
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In the present contribution, different strategies are proposed and compared to further 487 
increase HILIC × RP method performance for the analysis of complex food samples, 488 
using licorice as a model sample. When using non-focusing modulation based on 489 
sampling loops, the use of very short columns (30 mm) in the 
2
D was shown to be 490 
beneficial to increase performance, taking advantage of higher sampling loops volume 491 
to increase solvent dilution, thus, minimizing the deleterious effects due to solvent 492 
strength mismatch between HILIC and RP. However, the use of focusing modulation 493 
procedures was demonstrated to be able to increase not only resolving power but also 494 
peak capacity, reducing the effects of solvent mismatch at the same time that producing 495 
a focusing effect at the beginning of the 
2
D analyses. In addition, significant sensitivity 496 
gains could be also obtained through the use of active modulation with a relatively high 497 
make-up flow rate. A total of 94 peaks were successfully separated in the set-up 498 
involving the use of active modulation with phenyl-hexyl trapping columns and a make-499 
up flow rate 9-times higher than the corresponding 
1
D flow rate, compared to the initial 500 
method (79 peaks), increasing sensitivity more than twice. In summary, the results 501 
obtained demonstrate the great applicability and potential that active modulation may 502 
have for the profiling of complex food samples by HILIC × RP. 503 
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FIGURE LEGENDS 581 
Figure 1. Resolution obtained for peaks included in critical pair 1 (white oval) and in 582 
critical pair 2 (black oval) in the different set-ups studied. A, using 50 µL sampling 583 
loops in combination with a 50 mm long column in the 
2
D; B, using 50 µL sampling 584 
loops in combination with a 30 mm long column in the 
2
D; C, using Phenyl-hexyl 585 
trapping columns with forward elution, and; D, using active modulation with phenyl-586 
hexyl traps and make-up flow rate equal to 9-times 
1
D flow rate.  587 
 588 
Figure 2. Dependence of practical peak capacity (
2D
nc,practical) (●), 2D resolution reached 589 
for pair 1 (■), and 2D resolution for pair 2 (×) on modulation time. For detailed 590 
separation conditions, see section 2.3. 591 
 592 
Figure 3. Hypothetical scheme of the retention/elution of secondary metabolites from 593 
licorice into the trapping columns under forward elution mode (A), backflush elution 594 
mode (B), and active modulation (C) set-ups studied, following the procedure: 1) 595 
Trapping column filled with 
2
D initial mobile phase (injection position, just after valve 596 
actuation); 2) Trapping column filled with 
1
D effluent fraction (collection position) 597 
diluted in strong (A and B) or weak (C) solvent; 3) start of 
2
D gradient. Arrows indicate 598 
flow direction. 599 
 600 
Figure 4. Resolution obtained by using active modulation with phenyl-hexyl trapping 601 
columns of the two pairs of the studied peaks, using make-up flow rates equal to 5- (A), 602 
7- (B) and 9-times (C) 
1
D flow rate, and practical scheme of the calculation of the 603 
valley-to-peak ratio used for the estimation of resolution between critical pairs 1 and 2 604 
(D). 605 
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 606 
Figure 5. A, 2D-plot (254 nm) of the separation obtained in the original method. 607 
Sensitivity comparison (peak S) of the original method with the set-up of each 608 
modulation configuration using: B, 50 µL sampling loops in combination with 50 mm 609 
length column in the 
2
D; C, 50 µL sampling loops in combination with 30 mm length 610 
column in the 
2
D; D, C18 trapping columns with forward elution; E, active modulation 611 
with phenyl-hexyl traps and make-up flow rate equal to 9-times 
1
D flow rate, and; F, 612 
sensitivity gain with the 250 × 2,1 mm, 3,5 µm 
1
D column. (Retention times of analyses 613 
with different 
2
D gradient are aligned to help the comparison). 614 
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Table 1. Comprehensive two-dimensional method parameters applied to the profiling of secondary metabolites from licorice using non-focusing 615 
modulation 616 
  
2
D  - C18 50 × 4.6 mm, 2.7 µm 
2
D  - C18 30 × 4.6 mm, 2.7 µm 
 Sampling loop volume 20 µL 30 µL 50 µL 20 µL 30 µL 50 µL 
1
D L (mm) 150 150 150 150 150 150 
 I.D. (mm) 1.0 1.0 1.0 1.0 1.0 1.0 
 Particle size (µm) 3.5 3.5 3.5 3.5 3.5 3.5 
 Flow rate (µL min
-1
) 15 15 15 15 15 15 
   (min) 2.69 2.69 2.69 2.47 2.47 2.47 
 
1
nc 30 30 30 33 33 33 
 <β> 1.34 1.34 1.34 1.25 1.25 1.25 
 
1
nc corr. 22 22 22 27 27 27 
2
D   (s) 1.02 0.90 0.78 1.02 1.00 1.00 
 
2
nc 77 88 101 60 61 61 
LC × LC Analysis time (min) 80 80 80 80 80 80 
 ts 1.93σ 1.93σ 1.93σ 1.62σ 1.62σ 1.62σ 
 Modulation time (min) 1.3  1.3 1.3 1.0 1.0 1.0 
 M – number of 
modulations 
62 62 62 80 80 80 
 
2
Vinj (V dilution) 20 µL (0.5 µL) 30 µL (10.5 µL)  50 µL (30.5 µL) 20 µL (5.0 µL) 30 µL (15.0 µL)  50 µL (35.0 µL) 
 % 
2
D column void 
volume 
4% 6% 10% 7% 10% 17% 
 Z1 0,84 0,91 0,92 0,89 0,82 0,85 
 Z2 0,97 0,96 0,99 0,97 0,98 0,97 
 Z- 0,69 0,77 0,81 0,91 0,89 0,86 
 Z+ 0,83 0,87 0,84 0,99 0,95 0,99 
 AO 68% 76% 79% 82% 82% 84% 
 Resolution pair 1 0.65 0.67 0.70 0.75 0.83 0.89 
 Resolution pair 2 - - - - - - 
 Normalized sensitivity 0.85 1.00 1.37 1.08 1.32 1.61 
 
2D
nc theoretical 2310 2640 3030 1980 2013 2013 
 
2D
nc  practical 1730 1964 2253 1706 1736 1780 
 
2D
nc  corr. 1176 1493 1780 1399 1424 1495 
<β>, average 1D broadening factor; 1nc corr.: calculated according to eq. 2; ts, sampling time; AO, orthogonality; 
2D
nc theoretical: 
1
nc ×
2
nc; 
2D
nc practical: calculated according 617 
to eq. 4; 
2D
nc corr.: 
2D 
nc × A0 618 
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Table 2. Comprehensive two-dimensional method parameters applied to the profiling of 619 
secondary metabolites from licorice using trapping columns-based focusing modulation. 620 
  Forward elution Backflush elution 
 Trapping column C18 Phenyl-hexyl C18 Phenyl-hexyl 
1
D L (mm) 150 150 150 150 
 I.D. (mm) 1.0 1.0 1.0 1.0 
 Particle size (µm) 3.5 3.5 3.5 3.5 
 Flow rate (µLmin
-1
) 15 15 15 15 
   (min) 2.11 2.11 2.11 2.11 
 
1
nc 39 39 39 39 
 <β> 1.32 1.32 1.32 1.32 
 
1
nc corr. 30 30 30 30 
2
D   (s) 0.97 0.96 0.98 0.98 
 
2
nc 63 64 62 62 
LC × LC Analysis time (min) 80 80 80 80 
 ts 1.88σ 1.88σ 1.88σ 1.88 σ 
 Modulation time (min) 1.0 1.0 1.0 1.0 
 M – number of 
modulations 
80 80 80 80 
 Z1 0,94 0,86 0,83 0,87 
 Z2 0,92 0,94 0,97 0,93 
 Z- 0,94 0,89 0,92 0,97 
 Z+ 0,93 0,98 0,92 0,83 
 A0 87% 84% 83% 81% 
 Resolution pair 1 0.80 0.80 0.79 0.81 
 Resolution pair 2 0.81 0.85 0.72 0.78 
 Normalized sensitivity 1.15 0.99 0.59 0.75 
 
2D
nc theoretical 2457 2496 2418 2418 
 
2D
nc  practical 1792 1811 1777 1777 
 
2D
nc  corr. 1559 1521 1475 1439 
<β>, average 1D broadening factor; 1nc corr.: calculated according to eq. 2; ts, sampling time; AO, 621 
orthogonality; 
2D
nc theoretical: 
1
nc ×
2
nc; 
2D
nc practical: calculated according to eq. 4; 
2D
nc corr.: 
2D 
nc × AO 622 
 623 
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Table 3. Instrumental parameters employed and method performance descriptors from the use of active modulation for the profiling of secondary 624 
metabolites from licorice. 625 
  C18 trapping columns Phenyl-hexyl trapping columns 
 Make-up flow rate 5 × 
1
F 7 × 
1
F 9 × 
1
F 5 × 
1
F 7 × 
1
F 9 × 
1
F 
1
D L (mm) 150 150 150 150 150 150 
 I.D. (mm) 1.0 1.0 1.0 1.0 1.0 1.0 
 Particle size (µm) 3.5 3.5 3.5 3.5 3.5 3.5 
 
1
F (Flow rate, µL min
-1
) 15 15 15 15 15 15 
   (min) 2.11 2.11 2.11 2.11 2.11 2.11 
 
1
nc 39 39 39 39 39 39 
 <β> 1.33 1.33 1.33 1.32 1.32 1.32 
 
1
nc corr. 1.32 1.32 1.32 1.32 1.32 1.32 
2
D   (s) 0.93 0.84 0.81 0.96 0.84 0.81 
 
2
nc 66 73 75 63 73 75 
LC × LC Analysis time (min) 80 80 80 80 80 80 
 ts 1.88σ 1.88σ 1.88σ 1.88σ 1.88σ 1.88σ 
 Modulation time (min) 1.0 1.0 1.0 1.0 1.0 1.0 
 M – number of 
modulations 
80 80 80 80 80 80 
 Z1 0,87 0,89 0,90 0,87 0,87 0,88 
 Z2 0,98 0,96 0,96 0,96 0,94 0,94 
 Z- 0,91 0,92 0,91 0,87 0,89 0,89 
 Z+ 0,93 0,93 0,94 0,96 0,97 0,95 
 AO 85% 86% 86% 84% 84% 84% 
 Resolution pair 1 0.69 0.82 0.85 0.71 0.91 0.93 
 Resolution pair 2 0.81 0.86 0.88 0.82 0.86 0.88 
 Normalized sensitivity 1.46 1.59 1.98 0.91 1.67 2.01 
 
2D
nc theoretical 2574 2847 2925 2457 2847 2925 
 
2D
nc  practical 1888 2075 2128 1806 2070 2131 
 
2D
nc  corr. 1605 1785 1830 1517 1739 1790 
<β>, average 1D broadening factor; 1nc corr.: calculated according to eq. 2; ts, sampling time; AO, orthogonality; 
2D
nc theoretical: 
1
nc ×
2
nc; 
2D
nc practical: calculated according 626 
to eq. 4; 
2D
nc corr.: 
2D 
nc × AO 627 
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5.4. GENERAL DISCUSSION. 
Licorice is the dried root of Glycyrrhiza glabra plant, which is widely used as an important 
medicinal plant due to its beneficial properties; moreover, it is employed as a natural sweetener 
and as a flavor additive on the food industry. These characteristics that define licorice are 
largely related to its composition on triterpene saponins, particularly to its main compound, 
glycyrrhizic acid, to which some of the important mentioned properties are attributed (Hayashi 
and Sudo 2009).  
Triterpene saponins contained in licorice belong to the oleanane saponins type with diverse 
glycosylations. Therefore, licorice triterpene saponins are heterogeneous molecules that vary 
on both, the aglycone structure (sapogenin) and the saccharide moieties that may be composed 
by various sugars, including glucose, glucuronic acid, galactose, xylose, apiose, rhamnose, 
fucose and arabinose (Zheng et al. 2010; Tao et al. 2013). However, although saponins 
represent the major components in licorice, the secondary metabolite composition of these 
roots is also composed of an important amount of phenolic compounds (Xu et al. 2013). 
On-line LC × LC have been employed for the separation of complex formulations of Chinese 
herbal medicines (Li and Schmitz 2015; Li et al. 2016). However, on-line comprehensive 
approaches for the complete fingerprinting of licorice have not been developed until date. Only 
a RP × RP method for the chemical characterization of licorice (Glycyrrhiza uralensis) was 
developed (Qiao et al. 2015); however, in that work,  the sample was fractionated during the 
extraction and sample treatment to simplify the analysis, obtaining a free phenolic 
compounds-rich fraction and a saponin-rich fraction, that were analyzed individually. 
Consequently, the comprehensive licorice metabolite profiling in a single run has not 
previously been carried out.  
Regarding to the analysis of saponins in other plant materials, a stop-flow HILIC × RP method 
has been reported for the analysis of a ginseng extract. The detection of 94 saponins in 122.7 
min was possible (Wang et al. 2015). Besides, a HILIC × HILIC analysis for the separation and 
identification of Quillaja saponaria and a RP × RP method for the analysis of saponins from 
roots of Platycodon grandiflorum have been reported (Wang et al. 2008; Jeong et al. 2010). 
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However, these analyses provided just moderate orthogonality values due to the correlation 
between the two separation mechanisms selected for both dimensions. 
Therefore, a theoretically more orthogonal approach, based on the HILIC × RP coupling was 
selected for the development of the method studied in this Chapter. Once the method was 
optimized and its application to the chemical characterization of licorice metabolites 
demonstrated, it was also applied to the comparison of five licorice samples from different 
geographical origin (Section 5.2) with the aim to look for potential markers of origin for the 
authentication of samples. In this first work the instrument configuration previously described  
for the analysis of proanthocyanidins and phlorotannins was used, that is, a microbore column 
in the 1D coupled by a 10-port 2-position switching valve equipped with two 30 µL sampling 
loops to a 2D short partially porous column. Although this approach produced good results, 
this method was considered as a starting point to study different modifications at the 
modulator level with the aim to produce further significant gains in resolving power as well as 
on sensitivity (Section 5.3).  
 
5.4.1. CHEMICAL CHARACTERIZATION OF THE SECONDARY METABOLITE PROFILE OF 
LICORICE SAMPLES AND GEOGRAPHICAL ORIGIN ASSESSEMENT. 
For this work, five samples of licorice (Glycyrrhiza glabra) from four different countries, 
namely Iran, China, Azerbaijan and Italy (two different samples) were considered for their 
secondary metabolites profile comparison, with the aim to search for possible potential 
markers of origin of samples produced under Protected Designations of Origin. 
Since the success of a LC × LC system largely depends on the orthogonality degree between the 
two separation mechanisms involved, the coupling between HILIC separation mode in the first 
dimension and RP mode in the second dimension was selected for the analysis of the metabolite 
profile of licorice. This selection was also supported by our previous experience with other 
complex food-related samples, as can be deduced from the information shown in Chapters 3 
and 4. 
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5.4.1.1. Influence of method parameters. 
5.4.1.1.1. Sample preparation. 
In agreement with the particular characteristics of saponins, the use of mixtures of ethanol and 
water are recommended for the extraction from complex samples in order to have a truthful 
idea of their native composition (Oleszek and Bialy 2006). The use of hot water is not 
recommended as it has been shown to produce degradations, whereas methanol could lead to 
the formation of methyl derivatives, thus, not representing the native chemical composition 
(Majinda 2012). Consequently, in this work, a simple extraction procedure was applied to 
obtain the main secondary metabolites from licorice; this procedure was based on the use of 
ultrasound-assisted extraction with a mixture of ethanol/water (1:1, v/v) as extraction solvent. 
The resulting extract was evaporated and redissolved in an adequate solvent for its direct 
injection without the need of any other sample treatment or clean-up. 
 
5.4.1.1.2. 1D separation. 
Triterpene saponins are very polar compounds due to the very hydrophilic glycosidic chains 
present in the molecule. For this reason, HILIC was selected to carry out the separation in the 
1D. Considering that HILIC mode was not frequently employed for the separation of saponins, 
different stationary phases, compatible with HILIC conditions, namely silica, diol and ZIC-
HILIC stationary phases, were tested in order to obtain the maximum 1D separation of the 
sample. After the screening of these three HILIC stationary phases, the ZIC-HILIC column was 
selected as the optimum 1D column for the LC × LC coupling.  In Figure 5.2 the 1D separation 
of the five licorice samples under the optimum conditions is shown. As can be deduced from 
this Figure, this preliminary analysis already demonstrated that the chemical composition in 
each sample could be very variable, as significant differences between the obtained profiles 
were obtained.  
5.4.1.1.3. 2D separation. 
As already mentioned, very fast analyses in the second dimension are needed, and 
consequently, very high flow rates should be employed. In order to keep the system 
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backpressure under reachable conditions for the used instrument, a short partially-porous 
column was selected in the 2D. In this sense, 78 s were available for each separation and re-
equilibration on the second dimension column.  
Two stationary phases were employed for the study of the separation on the 2D, maintaining 
the same column morphology (50 × 4.6 mm, 2.7 µm), C18 and PFP stationary phases. In each 
case, different mobile phases (including combinations of acetonitrile, methanol, 
acetonitrile/methanol mixtures and acidified water), flow rates (2–3 mL min-1) and gradients 
were tested. According to the obtained results, the C18 stationary phase, eluted with mobile 
phases composed by (A) water (0.1 % formic acid) and (B) acetonitrile at 3 mL min-1 provided 
the best resolution and separation.  
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5.4.1.2. Chemical characterization of secondary metabolites from licorice by HILIC × RP. 
As mentioned in the previous sections, a ZIC-HILIC column was coupled to a C18 short partially 
porous column; during the 2D analysis, SIF gradients were employed in the 2D, in order to 
match the separation conditions in this dimension to the different polarities of the separated 
compounds along the 1D analysis. With the use of 2D SIF gradients, an increase on the 
orthogonality and a more effective peak distribution of the analytes was achieved, reaching a 
better space coverage. As it can be observed in Figure 5.3, a good separation was obtained, in 
which the different metabolite groups were well distributed along the 2D plot. Firstly, 
prenylated flavonoids were eluted, as the less polar compounds, followed by different phenolic 
compounds, whereas triterpene saponins were eluted at the end of the analysis. 
Once the overall LC × LC separation of the compounds of the licorice samples was achieved, 
the tentative identification of each of the separated peaks was carried out employing the 
information provided by the UV-Vis and the MS spectra, as well as the relative position of each 
peak in the 2D plot. At this point it is worth to stress the instrumental limitations that were 
faced, mainly characterized by the relatively low scanning speed of both DAD (20 Hz) and MS 
(ion trap working at 26000 m/z s-1) detectors used. The use of higher sampling frequencies in 
the DAD together with the use of faster high resolution MS instruments, would undoubtedly 
improve the attainable results even without making any other modification. 
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Firstly, the comprehensive characterization of each sample from the 5 geographical origins 
was carried out, giving as result the tentative identification of 73, 78, 89, 76 and 81 
compounds in the licorice from Crotone (Italy), Villapiana (Italy), Iran, China and Azerbaijan, 
respectively. Within these compounds, the separation and tentative identification of 62 
saponins was possible, being the major group of secondary metabolites present in licorice 
samples. The identification of these saponins was achieved in agreement with their particular 
MS and MS/MS spectra obtained under negative ionization mode.  
The metabolite profile of the samples belonging to the 5 studied locations was relatively similar. 
For this reason, a comparison between them was performed in order to establish the common 
compounds to all samples and, mainly, to identify possible biomarkers that could allow 
attaining the differentiation of each location. 
In this regard, most of the separated compounds were identified in two or more samples, 
whereas 16 compounds were common to all samples, 13 of them corresponding to saponins. 
However, several differences between samples were also found. Licorice from China was the 
most different sample in terms of number of exclusive compounds. The chemical 
characterization of that sample led to the identification of up to 50 unique compounds. 
Licorice samples from Azerbaijan and Iran presented 34 and 36 exclusive compounds, 
respectively, while licorice samples from Crotone and Villapiana, both from Italy, were those 
that presented the lowest number of unique components, with 19 and 21 exclusive 
compounds, respectively. 
Within these differentiating compounds, it is worth noting some compounds that were unique 
for each sample; for instance, licorocidin, albiflorin and 22β-acetoxyl licorice saponin J2 were 
detected only in licorice from China, whereas licorice saponin C2 was only present in the 
sample from Iran and glycyroside in the licorice from Azerbaijan. Besides, other peaks were 
also unique of each sample, although their identity could not be elucidated. 
Although these results were of interest, showing the preliminary existence of compounds that 
could potentially be considered as biomarkers of origin, proper statistical analysis is necessary 
to establish if those compounds are robustly found as markers. Unfortunately, not enough 
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samples from the studied locations were available, and thus, the potential of those compounds 
to perform a geographical assessment of licorice samples could not be completely 
demonstrated. To try to solve this problem, a bigger number of samples was analyzed including 
two different locations for which a wider group of samples could be obtained. This way, the 
optimized method was extended to the analysis of 11 additional samples from the region of 
Calabria (Italy), as well as to 11 new licorice samples from Castilla la Mancha (Spain). Figure 
5.4 shows the 2D plots obtained for the 11 samples from Italy whereas Figure 5.5 shows the 
2D separations of the 11 samples from Spain. 
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Data analysis was carried out using multivariate statistical analysis, in particular principal 
component analysis (PCA) and T-test analysis. However, the statistical study of 2DLC data was 
revealed as a very difficult task due to different problems, most notably: the statistical 
comparison of more than two LC × LC images is difficult to be carried out with the available 
software, and 2D raw data comprise peaks that are sampled into de 2D more than once and, 
therefore, the use of the raw chromatogram in the same way that are used in one-dimensional 
LC-MS is not straightforward. Therefore, to try to solve these difficulties, the following 
procedure was carried out: 
i. To make the manual alignment of the chromatograms. 
ii. As a first approximation, three samples from each country were randomly selected for the 
data analysis.  
iii. To construct a matrix comprising the aligned retention times, m/z values and the intensity 
of each peak. 
iv. To analyze these data by using statistical tools. 
Unfortunately, these statistical analyses did not provide with enough differences between the 
studied samples to support a differentiation based on geographical origin. Therefore, 
improvements in the data treatment of 2DLC as well as an in-depth study of both, licorice 
secondary metabolite profile and the LC × LC performance could help to obtain more robust 
data to confirm the use of the secondary metabolite profiles of licorice as a measure of 
authenticity for each location.  
 
5.4.2. IMPROVEMENT OF THE HILIC × RP PROFILING OF LICORICE. 
As it has been stated throughout this PhD, the analysis of very complex samples requires 
maximizing the separation power of the analytical method employed; this is the case of licorice 
samples.  
In the work developed in Section 5.3, a more theory-oriented study is described, in which 
different focusing and non-focusing modulation strategies were studied for the improvement 
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of the main important parameters of the LC × LC method, i.e., 1D undersampling, 2D band 
broadening, 2D resolution and sensitivity, using licorice as a real complex food model sample. 
Taking the previously developed HILIC × RP method for the analysis of the secondary 
metabolite profile of licorice as a starting point, different strategies were studied looking for 
quantitative and significant improvements on method performance. These strategies consisted 
of the use of diverse non-focusing modulation set-ups using sampling loops installed in the 
interface, and focusing modulation approaches employing trapping columns in the interface as 
well as through the use of active modulation.  
 
5.4.2.1. Non-focusing modulation.  
In first place, the study of the effect of the transfer volume and the relative strength of the 
injection solvent on the 2D separation was studied. To this aim, sampling loops with three 
different internal volumes were tested, namely, 20, 30 and 50 µL. That way, loops with lower 
internal volume provided the theoretical advantage of lower injection volume, that could help 
to reduce 2D band broadening considering the relationship between the injection volume and 
the void volume of the 2D column, but at the same time, the dilution effect of the 1D effluent 
with 2D mobile phase within the loop was minimized. The opposite situation occurred when 
using the 50 µL loops, which allowed a greater dilution of the 1D effluent at the cost of a 
higher 2D injection volume. Table 5.1 shows the 1D effluent fraction dilution obtained with 
each of the studied sampling loops as well as the relative injection volume into de 2D in each 
case. Results showed that the use of 50 µL sampling loops produced narrower 2D peak widths 
as a consequence of injecting the analytes dissolved in a weaker solvent in spite of injecting 
high volumes (10% of the 2D column void volume, see Table 5.1). Therefore, the efficiency and 
the 2D peak capacity achieved was higher than those attainable using 20 and 30 µL loops, and 
hence, practical 2Dnc was also higher (Table 5.1).  
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Table 5.1. Data comparison of the influence of the injection volume and the solvent strength using 50 mm and 
30 mm length 2D columns. 
 2D  - C18 50 × 4.6 mm, 2.7 µm 2D  - C18 30 × 4.6 mm, 2.7 µm 
Sampling loop volume 20 µL 30 µL 50 µL 20 µL 30 µL 50 µL 
1D flow rate (µL min-1) 15 15 15 15 15 15 
Modulation time (min) 1.3  1.3 1.3 1.0 1.0 1.0 
2Vinj (V dilution) 
20 µL 
(0.5 µL) 
30 µL 
(10.5 µL) 
50 µL  
(30.5 µL) 
20 µL  
(5.0 µL) 
30 µL 
(15.0 µL) 
50 µL 
(35.0 µL) 
% 2D column void 
volume 
4% 6% 10% 7% 10% 17% 
2Dnc, practical 1730 1964 2253 1706 1736 1780 
Normalized sensitivity 0.85 1.00 1.37 1.08 1.32 1.61 
2Dnc, practical, calculated according to Eq. 16. 
 
Besides, injection of the fraction in a more compatible solvent resulted in a better retention of 
the analytes due to an improved analyte-stationary phase contact; this fact together with the 
better peak shapes obtained, allowed increasing the sensitivity of the analytes. This effect was 
also confirmed when a 30 × 4.6 mm, 2.7 µm column was employed in the 2D, as can be 
observed in Figure 5.6 and Table 5.1. 
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-  
Figure 5.6. Chromatogram of single 2D analyses on a 30 × 4.6 mm, 2.7 μm C18 partially porous column comparing 
the effect of the transfer volume, using 20 μL (green), 30 μL (red) and 50 μL (black) sampling loops.  
 
After that, the effect of the sampling rate from 1D to the 2D was studied in order to observe the 
influence of the reduction of the sampling time in the 1nc as well as on the overall results. Four 
different sampling times were tested, namely, 78, 60, 50 and 39 s. However, due to the 
limitation of the maximum pressure attainable on the switching valve, it was not possible to use 
the same column employed to carry out the 78 s analysis (50 mm length column) for other 
shorter analysis times, since higher flow rates were required and, therefore, the pressure drop 
was significantly increased. Therefore, a shorter column (30 × 4.6 mm, 2.7 µm) was employed 
for these experiments. It was observed that shorter 2D analysis times (higher sampling 
frequency) produced higher 1nc values as a result of a better preservation of the separation 
obtained in the 1D during the fraction transfer, reducing the chance of getting peak re-mix 
effect and thus, reducing the 1D undersampling and its related deleterious effects. However, the 
reduction of the 2D analysis time negatively affected to the 2nc, achieving values of 40 in the 39 
s analyses compared to 2nc of 75 when 78 s were used as 2D analysis time. This effect is due to 
the great dependence that nc has on the available gradient time. These results were reflected on 
the practical 2Dnc, that is more critically affected by the 2nc than by the 1nc.  
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On the other hand, the resolution of two critical pairs of peaks was also calculated in an effort 
to illustrate the potential gains on resolving power in each studied set-up. Interestingly, 
resolution of pair 1 was significantly increased when 60 s fractions were sampled, being this 
increment greater when 39 s was set as modulation time. On the other hand, pair 2 could only 
be separated with sampling times lower than 50 s, remaining unresolved with 60 and 78 s 
(Figure 5.7).  
The analysis using 60 s sampling rate was selected for further separation study, since it 
provided a compromise between resolution and practical 2Dnc.  
 
5.4.2.2. Focusing modulation.  
Two focusing modulation approaches were tested using trapping columns installed in the 
switching valve instead of sampling loops, as well as adding an additional make-up flow to 
carry out active modulation. Two sets of trapping columns with different RP-compatible 
stationary phase chemistry were studied: C18 and phenyl-hexyl particles. 
During the study of the focusing effect of trapping columns, forward and backflush elution 
configurations were considered. The use of trapping columns helped to retain the analytes in 
the interface during the collection position of the valve, in a similar separation mechanism 
than the 2D column, allowing their elution in narrower bands during the injection position, 
resulting in a reduction of the 2D band broadening. Besides, trapping columns allowed to 
increase the resolution of pair 2 (Figure 5.8), which was not resolved with the loops-based set-
up using 60 s as modulation time, as already illustrated. 
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Comparing forward and backflush configurations, backflush elution resulted in wider 2D peak 
widths than forward elution as a consequence of the low flow rates used in the 1D as well as 
the short modulation time and the void volume of the trapping columns. As the trapping 
column void volume was higher than the fraction volume transferred, analytes were only in 
contact with a reduced fraction of available particles in the trapping column. Thus, when the 
fraction was backflushed, the elution did not take advantage of the complete focusing effect 
that trapping columns could provide. 
Although the use of trapping columns clearly improved the attainable results compared to the 
non-focusing modulation scheme, this set-up did not ensure the complete reduction of the 
solvent strength mismatch problem. Therefore, with the aim to eliminate this effect that may 
produce peak distortion or loss of the 2D separation, the procedure so-called active modulation 
was applied as a new strategy. To do that, a new additional make-up flow was included and 
three different flow rates for its delivery were studied (5-, 7- and 9- times the 1D flow rate) 
using both, C18 and phenyl-hexyl trapping columns. 
Best results in terms of practical 2Dnc, resolution and sensitivity were achieved with the higher 
make-up flow rate (9-times the 1D flow rate) and, interestingly, using phenyl hexyl trapping 
columns, as can be observed in Table 5.2, not only compared to focusing strategies, but also to 
non-focusing approaches.  
 
Table 5.2. Data comparison of the active modulation set-ups using different make-up flow rates. 
 C18 trapping columns  Phenyl-hexyl trapping columns 
Make-up flow rate 5 × 1F 7 × 1F 9 × 1F  5 × 1F 7 × 1F 9 × 1F 
Resolution pair 1 0.69 0.82 0.85  0.71 0.91 0.93 
Resolution pair 2 0.81 0.86 0.88  0.82 0.86 0.88 
2Dnc  practical 1888 2075 2128  1806 2070 2131 
Normalized sensitivity 1.46 1.59 1.98  0.91 1.67 2.01 
2Dnc, practical, calculated according to Eq. 16. 
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Thus, the results obtained demonstrated the great applicability and potential that active 
modulation may have for the profiling of complex food samples by HILIC × RP, such as licorice. 
A total of 94 peaks were successfully separated in the set-up involving the use of active 
modulation, compared to the initial method (79 peaks), increasing sensitivity more than twice. 
Taking advantage of the active modulation performance, the use of a wider 1D column (2.1 
mm i.d) was studied with the aim to overcome the limited sample loading of the 1 mm i.d 
microbore column that directly affects the sensitivity of the method. By using wider columns, 
more sample can be theoretically loaded, but higher flow rates are needed to obtain proper 
separations, which would in turn be deleterious for the 2D (either due to increased sampling 
volume or reduced 2D analysis time). However, by using active modulation the strong 1D 
solvent is completely removed, and therefore, in theory, these problems can be overcome. After 
testing that column, it could be confirmed that the use of the 2.1 mm i.d. column allowed a 
3.12-fold increase on sensitivity with respect to the initial method, mainly thanks to the 
injection of a bigger sample volume. However, the resolution of the studied critical pairs of 
peaks was completely lost compared to the set-up involving the use of the microbore column. 
Hence, the sensitivity improvement has to be more carefully studed to achieve a good 
equilibrium between sensitivity and resolution. 
In summary, in this Chapter, the separation of a complex mixture of very closely related 
saponins as well as polyphenols present in licorice has been carried out by applying an 
optimized HILIC × RP method, arriving to the separation of up to 47 saponins in a single 
sample and a total of 105 saponins in the 5 samples, including a high number of isomers. 
Moreover, this method permitted a first approach to a geographical differentiation between 
licorice samples from different locations based on differential metabolite patterns. In addition, 
this Chapter provides very interesting results about the importance of the interface 
performance to significantly improve different parameters that greatly affect any LC × LC 
separation, like 1D undersampling, 2D band broadening, overall 2D resolution and sensitivity. 
 
  
 
 
CHAPTER 6.  
General conclusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 313 
The obtained results described in this PhD Thesis focusing on the development of new LC × LC 
methods for the chemical characterization of complex food samples, have driven to the 
following conclusions: 
1. The use of microbore columns in the 1D together with an interface equipped with 
sampling loops with higher inner volume than the strictly required for the collection of the 1D 
effluent, as well as the use of wider columns in the 2D, is a simple and very useful 
configuration for the coupling of orthogonal HILIC × RP separations, reducing the solvent 
strength mismatch problem between dimensions. 
2. The chemical characterization of very complex mixtures of proanthocyanidins in 
different food sources such as grape seeds, apples, grapevine canes and chokeberries samples 
was successfully achieved by the coupling of HILIC × RP in an on-line approach. The 
separation of proanthocyanidins was obtained in order of their degree of polymerization in the 
1D and according to their relative hydrophobicity in the 2D, attaining very high orthogonality 
and peak capacities values. 
3. The on-line LC × LC-DAD-MS/MS methods developed for the analysis of 
proanthocyanidins were able to separate, detect and characterize proanthocyanidins with a 
high degree of polymerization and degree of galloylation in grape seeds as well as other 
compounds simultaneously detected for the first time in grapevine canes and chokeberries, 
such as prodelphinidins.  
4. The 2DLC methods developed for the analysis of proanthocyanidins, allowed also the 
separation of the whole metabolite phenolic profile of apples, chokeberry and grapevine canes 
in a single run, including: dihydrochalcones, flavonols and hydroxycinnamic acids in apples; 
the complex composition of anthocyanins, flavonoids and phenolic acids in chokeberry, and; 
stilbene polymers in the case of grapevine canes.  
5. The application of MDLC methods for the chemical characterization of phlorotannins 
from brown algae is reported for the first time. The diol-HILIC compatible stationary phase in 
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the 1D coupled to a C18-RP column in the 2D provided very good resolving power and 
separation efficiency of phlorotannins as well as high peak capacity values. 
6. The MS and MS/MS spectra obtained as well as the enhanced separation power 
provided by HILIC × RP allowed a broad separation and the tentative identification of highly 
polymerized phlorotannins. In particular, the analysis of Cystoseira abies-marina revealed 
phlorotannins from 5 to 17 PGUs, whereas different types of phlorotannins, including fuhalols 
and hydroxyfuhalols with a relatively high degree of hydroxylation as well as phlorethol-, 
fucol- and fucophlorethol-types were detected and tentatively identified in Sargassum 
muticum. 
7. A novel HILIC × RP method employing a ZIC-HILIC-bonded stationary phase in the 1D 
and a C18 column in the 2D was developed for the characterization secondary metabolite 
profile of licorice. The new method allowed the separation of up to 89 compounds including 
47 closely related triterpene saponins in the Iranian sample.  
8. The application of HILIC × RP methods for the chemical characterization of complex 
food samples, allowed studying the use of 2D plots and the 2D data treatment for the 
comparison, differentiation and authentication of different samples based on their 
geographical origin. 
9. After an in-depth study of several focusing and non-focusing modulation strategies, the 
use of active modulation with a make-up flow rate of weaker solvent delivered at 9-times the 
1D flow rate allowed the significant improvement of the attainable separation of licorice 
metabolites, minimizing the non-desired effects related to 1D undersampling and 2D band 
broadening as well as improving overall 2D resolution and sensitivity, compared to the initial 
HILIC × RP method.  
10. In summary, as final conclusion, in this PhD Thesis the huge capability of on-
line LC × LC technique, coupling a HILIC-based separation in the 1D and RP-based 
separation in the 2D, for the chemical characterization of complex food samples that 
cannot be completely separated by conventional one-dimensional systems has been 
demonstrated. 
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Los resultados obtenidos descritos en esta Tesis Doctoral centrada  en el desarrollo de nuevos 
métodos LC × LC para la caracterización química de muestras alimentarias complejas, han 
dado lugar a las siguientes conclusiones: 
1. El uso de columnas de pequeño diámetro interno en la 1D junto con una interfase 
equipada con loops de muestreo con mayor volumen interno que el estrictamente necesario 
para almacenar el efluente de la 1D, así como el uso de columnas 2D más anchas, constituye 
una configuración simple y muy útil  para el acoplamiento de separaciones ortogonales HILIC × 
RP, reduciendo el problema de incompatibilidad  en la fuerza de los disolventes entre las dos 
dimensiones. 
2. La caracterización química de muestras muy complejas de proantocianidinas en 
diferentes muestras alimentarias como las semillas de uva, las manzanas, los sarmientos de vid 
y la aronia negra se logró satisfactoriamente mediante el acoplamiento en línea de HLIC × RP. 
Se obtuvo la separación de proantocianidinas en orden de grado de polimerización en la 1D y 
de acuerdo a su hidrofobicidad relativa en la 2D, alcanzando altos valores de ortogonalidad y 
capacidad de pico.  
3. El método LC × LC-DAD-MS/MS en línea desarrollado para el análisis de 
proantocianidinas fue capaz de separar, detectar y caracterizar proantocianidinas con un alto 
grado de polimerización y grado de galoilación en semillas de uva así como otros compuestos 
detectados simultáneamente por primera vez en las muestras de sarmientos de vid y aronia 
negra, como son las prodelfinidinas. 
4. Los métodos 2DLC desarrollados para el análisis de proantocianidinas, permitieron 
también la separación del perfil de metabolitos completo de manzanas, aronia negra y 
sarmientos de vid en un único análisis, incluyendo: dihidrochalconas, flavonoles y ácidos 
hidroxicinámicos en manzanas; la compleja composición de antocianinas, flavonoides y ácidos 
fenólicos en aronia negra, y polímeros de estilbenos en el caso del sarmiento de vid.  
5. Se ha llevado a cabo la aplicación de métodos MDLC para la caracterización química de 
florotaninos de algas marrones por primera vez. La fase estacionaria diol compatible con HILIC 
en la 1D acoplada a una columna C18 en modo RP en la 2D proporcionó un poder de resolución 
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y una eficacia de separación de los florotaninos muy elevados, así como altos valores de 
capacidad de pico. 
6. La buena separación obtenida así como la identificación tentativa de florotaninos 
altamente polimerizados fue posible gracias al incremento en el poder de separación 
proporcionado por la combinación HILIC × RP y al uso de los espectros MS y MS/MS obtenidos. 
En particular, los análisis de Cystoseira abies-marina revelaron florotaninos de 5 a 17 PGUs, 
mientras que diferentes tipo de florotantinos, incluyendo fuhaloles e hidroxifuhaloles con un 
grado de hidroxilación relativamente alto, así como floretoles, fucoles y fucofloretoles fueron 
detectados e identificados tentativamente en Sargassum muticum. 
7. Se desarrolló un nuevo método HILIC × RP empleado en la 1D una fases estacionaria 
ZIC-HILIC y una C18 en la 2D para la caracterización del perfil de metabolitos secundarios de 
regaliz. El nuevo método permitió la separación de hasta 89 compuestos incluyendo 47 
saponinas triterpénicas estrechamente relacionadas en la muestra procedente de Irán. 
8. La aplicación de métodos HILIC × RP para la caracterización química de muestras 
alimentarias complejas, permitió el uso de los cromatogramas 2D y el tratamiento de datos 2D 
para la comparación, diferenciación y autentificación de diferentes muestras basadas  en su  
origen geográfico. 
9. Tras el estudio en profundidad de varios estrategias de modulación con y sin efecto de 
enfoque, el uso de modulación activa con un flujo compensatorio de un disolvente más débil 
suministrado con un caudal 9 veces mayor a la velocidad de flujo de la 1D permitió una mejora 
significativa de la separación obtenida para los metabolitos de regaliz, minimizando los efectos 
no deseados del submuestreo de la 1D y del ensanchamiento de banda de la 2D, así como una 
mejora de  la resolución y sensibilidad 2D global, comparado con el método HILIC × RP inicial. 
10.  En resumen, como conclusión final, en esta Tesis Doctoral se ha demostrado 
la enorme capacidad de la LC × LC en línea para la caracterización química de 
muestras alimentarias complejas que no pueden separarse por completo mediante 
sistemas unidimensionales convencionales.  
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